AD-A214  381 


1RL-CR422 


V 


."TIP  FILE  COPT 


(3 


CONTRACTOR  REPORT  BRL-CR-622 


APPLICATION  OF  ARTIFICIAL  INTELLIGENCE 
TECHNIQUES  TO  EXTERIOR  BALLISTICS 


MARK  FISCHER 
ROBERT  WHYTE 
NICK  STRAGUZZI 


DECEMBER  1989 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED. 


U.S.  ARMY  LABORATORY  COMMAND 


BALLISTIC  RESEARCH  LABORATORY 
ABERDEEN  PROVING  GROUND,  MARYLAND 


89  11  16  138 


i 


DESTRUCTION  NOTICE 


Destroy  this  report  when  it  is  no  longer  needed.  DO  NOT  return  it  to  the  originator. 


Additional  copies  of  this  report  may  be  obtained  from  the  National  Technical  Information  Service, 
U.S.  Department  of  Commerce,  Springfield,  VA  22161. 


The  findings  of  this  report  are  not  to  be  construed  as  an  official  Department  of  the  Army  position, 
unless  so  designated  by  other  authorized  documents. 


The  use  of  trade  names  or  manufacturers’  names  in  this  report  does  not  constitute  indorsement  of 
any  commerical  product. 


hmiumsaMiMigisaciaM 


1«.  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION  /DOWNGRADING  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 

BRL-CR-622 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKINGS 


Form  Approvvd 
OMB  NO.  0704-0188 


3.  DISTRIBUTION /AVAILABILITY  O'  REPORT 

Approved  for  public  release; 
distribution  Is  unlimited. 


5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION  16b.  OFFICE  SYMBOL  I  7a.  NAME  OF  MONITORING  ORGANIZATION 

I  (If  applicable)  I 


General  Electric 


tat*,  and  ZIP  Code) 

Armament  Systems  Department 
Burlington,  VT  05401-4985 


ity,  State,  and  ZIP  Cod* 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUM 

Contract  No.  DAAA1 5-88-C-0006 


10.  SOURCE  OF  FUNOING  NUMBERS 


ELEMENT  NO  I  NO. 


NAME  OF  FUNDING /SPONSORING 
ORGANIZATION  u.S.  Army 

Ballistic  Research  Laboratory 


ADDRESS (Oity,  staieTahdcIPCdde) 


Aberdeen  Proving  Ground,  MD  21005-5066 


11.  TITLE  (Inelud*  Security  Classification) 

Application  of  Artificial  Intelligence  Techniques  to  Exterior  Ballistics  (U) 


12.  PERSONAL  AUTHOR(S) 

Mark  Fischer,  Robert  Whyte,  and  Nicholas  Straguzzi  _ 


13b.  TIME  COVERED  114.  DATE  OF  REPORT  {Year,  Month,  Day)  115.  PAGE  COUNT 

from  02/88  to 05/8 9  |  I  68 


NO. 

NO. 

COSATI  CODES 


GROUP  J  SUB-GROUP 


10 


06 


18.  SUBJECT  TERMS  (Continue  on  revert*  if  necessary  and  Identify  by  block  number) 
Exterior  Ballistics 
Trajectory 
Aeroballistlcs 


RACT  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 

v\ 

This  report  documents  the  application  of  Artificial  Intelligence  to  the  problem  of  pre¬ 
dicting  the  aerodynamic  stability  boundaries  of  spin  stabilized  projectiles. This  work  was 
accomplished  by  the  Armament  Systems  Department  of  General  Electric  under  U.S.  Government 
Contract  DAAA15-88-C-0006  during  the  period  from  February  1988  to  May  1989. 

^  f*\L  >1 


20.  DISTRIBUTION  /AVAILABILITY  OF  ABSTRACT  121.  A8STRACT  SECURITY  CLASSIFICATION 

□  unclassified/unlimited  Osameasrpt.  □  OTIC  USERS  I  UNCLASSIFIED  _ 


22c.  NAME  OF  RESPONSIBLE  INDIVIDUAL  122b.  TELEPHONE  (Include  Area  Code)  22c.  OFFICE  SYMBOL 

William  P.  D'Amico  I  (301) -278-3405  SLCB 


DD  Form  1473.  JUN  86  Previous  editions  are  obsolete.  SECURITY  CLASSIFICATION  OF  THIS  P4 

UNCLASSIFIED 


Lntentionally  left  blank. 


ii 


TABLE  OF  CONTENTS 


Page 

List  of  Figures .  v 

I.  Introduction .  1 

II.  Objective .  1 

III.  Discussion .  2 

1.  Background .  2 

2.  Status  of  Revisions . 4 

3.  Aerodynamic  Data  Bank .  5 

4.  Aerodynamic  Coefficients  and  Predicted  Errors....  5 

5.  Stability  Methodology  -  AI-TRAJ  Implementation...  10 

a.  2D0F  Simulation  with  Yaw .  13 

b.  6D0F  Simulation  for  Validation .  17 

IV.  AERO- A I  Artificial  Intelligence/Expert  System .  19 

1.  ART .  21 

2.  Implementation  Notes .  21 

a.  AERO-AI  Rulebase  Architecture . 21 

b.  Recommendation  Codes . 23 

c.  AERO-AI  Facts  File  and  Initial  Factbase .  24 

d.  Auxiliary  LISP/C  Code .  25 

3.  AERO-AI  Operation .  26 

a.  AERO-AI  Flow  of  Execution .  26 

b.  AERO-AI  Output  Messages . 29 

c.  Extending  AERO-AI .  29 

V.  Conclusions .  30 

References .  31 

List  of  Symbols .  33 

iii 


TABLE  OF  CONTENTS  (Continued) 


Page 

Appendix  A.  AI  PRODAS  XM483  Sample  Output .  35 

Appendix  B.  AI-TRAJ  XM483  Sample  Output .  47 

Appendix  C.  AERO-AI  Rule  Additions .  65 

Distribution  List .  71 


iv 


List  of  Figures 

Figure  Page 

1  AI  -  Exterior  Ballistics  Program  Team .  2 

2  PRODAS  -  Projectile  Design  and  Analysis  System .  3 

3  AI  -  PRODAS  Data  Flow .  4 

4  Data  Base  Contents  -  Spin  Stabilized  Projectiles .  6 

5  XM483  -  PRODAS  Model  Exterior  Shape .  7 

6  Data  Base  Format  Example  -  XM483  .  7 

7  Similiar  Projectile  Shapes  -  XM483  .  8 

8  Geometric  Parameters  Similiar  Projectiles  -  XM483  .  8 

9  Aerodynamic  Coefficients  -  Error  Bounds .  11 

10  Tabulated  Aerodynamic  Coefficients  -  XM483  .  12 

11  Trajectory  Matrix  at  15  Deg-C .  16 

12  Diagnostic  Codes .  16 

13  Trajectory  Diagnostics  as  Function  of  Time .  17 

14  Supersonic  Yawing  Motion  History  -  XM483  .  18 

15  Transonic  Yawing  Motion  History  -  XM483  .  18 

16  AERO-AI  System  Overview .  20 

17  Componants  of  AERO-AI .  21 

18  AERO-AI  Rulebase  Architecture  . .  22 

19  Flow  of  Execution  in  AERO-AI .  27 

20  Recommended  Actions .  28 


Aooasslen  For 

mis  am i 

DTIC  TAB 

Unannounced 

Justification. 


□ 

□ 


By - 

distribution/ 

Availability  Codes 
[Avail  and/or 
.Diet  \  Special 


.1 


V 


INTENTIONALLY  left  blank. 


VI 


I.  Introduction 


This  is  the  final  report  of  the  work  accomplished  on  contract  DAAA15-88-C-0006, 
Application  of  Artificial  Intelligence(AI)  Techniques  to  Exterior  Ballistics.  This  report 
covers  the  period  from  February  1988  thru  May  1989.  The  sponsor  was  the  U.S.  Army 
Ballistic  Research  Laboratory  (BRL),  Aberdeen  Proving  Ground. 


14  7  <  II*  Objective 

^  The  application  of  Artificial  Intelligence  (AI)  to  the  analysis  of  the  free  flight  charac- 
teristics(static  and  dynamic  stability)  of  projectiles  and  provide  a  method  of  recommending 
corrections  (alterations)  to  the  geometry  and  physical  properties  to  improve  flight  perfor¬ 
mance  (as  required)  are  the  end  item  goals  of  this  project.  To  accomplish  these  goals  the 
analyst  must  be  provided  with  a  set  of  tools/data  with  acceptable  reliability  including: 


^Aerodynamic  Coefficients( Predictions  or  Test  Data)- 


•  Stability  Analysis  Methodology  ' 


•  Trajectory  Simulation|0©OF,2DOF)^ 

•  Physical  Modeling*(Weight,CG, Inertias, etc. )c- 

•  AI  Expert  System  »  tor  ^  \C<  fo\ U-j  } 

^  (Mix  cr  b/LlXiA  ■  (  Cl>i  >J  L  _ 

V  /■* 

Portions  of  all  required  tools  (except  AI)  were  contained  within  the  GE  PRODAS  code. 
Deficient  areas  were  Aerodynamic  Coefficients  (prediction  accuracy),  Stability  Analysis 
Methodology,  and  the  lack  of  an  Expert  System  to  assist  the  user  in  analyzing  this  complex 
problem. 


The  mitigation  of  these  deficient  areas  was  been  divided  among  the  program  team 
members.  The  contractor  team  is  comprised  of  the  GE  Armament  Systems  Depart¬ 
ment  (GE/ASD),  the  GE  Advanced  Technology  Laboratories  (GE/ATL),  and  Arrow  Tech. 
These  responsibilities  are  outlined  below.  Figure  1  illustrates  the  relationship  of  the  project 
team. 


•  GE/ASD  System  Integration(PRODAS+Aero  Data  Bank+AI) 

•  GE/ATL  Artificial  Intelligence  Software  and  expert  interviews 

•  Arrow  Tech  Aero  Data  Bank  and  Stability  Methodology 

•  BRL  Provide  Aero  Test  Data  and  Critique  Program 
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Team  Member 


Tasks 


Technical  Contact 


BRL 
GE-ASD 
GE-ATL 
Arrow  Tech 


Sponsor  /  Experts 
PRODAS  /  System  Interface 
AI  -  Expert  System 
Data  Bank  -  Stability  Methods 


Bill  D’Amico 
Mark  Fischer 
Nick  Straguzzi 
Bob  Whyte 


Figure  1.  AI  -  Exterior  Ballistics  Program  Team 

III.  Discussion 


1.  Background 

The  PRODAS  computer  program  was  selected  as  a  baseline  for  developing  AI  assisted 
aeroballistic  analysis.  Documentation  of  PRODAS  is  covered  in  References  1,  2,  and  3. 
PRODAS  development  began  at  the  Armament  Systems  Dept,  of  General  Electric  as  a 
internally  funded  project  in  1972.  During  subsequent  years,  new  capabilities  were  added 
and  existing  capabilities  were  continuously  improved.  PRODAS  now  contains  over  50000 
lines  of  Fortran  code.  Graphical  presentations  utilize  Tektronix  PLOT-10  routines. 

A  functional  diagram  of  the  various  PRODAS  segments  is  shown  in  Figure  2.  Those 
segments  which  were  altered  substantially  in  order  to  provide  the  proper  interface  with 
the  new  AI  segments  are  shown  with  double  borders.  The  interface  and  operational  flow 
of  the  AI  segments  are  shown  in  Figure  3. 
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Figure  2.  PRODAS  -  Projectile  Design  and  Analysis  System 
The  major  exterior  ballistic  segments  of  PRODAS  are  described  below. 

•  SPINNER  (Ref.  4)  The  SPINNER  code  was  developed  for  Picatinny  in  1973  to 
facilitate  estimating  the  aerodynamic  coefficients  of  spin  stabilized  projectiles.  The 
only  inputs  required  are  the  key  geometric  dimensions  of  the  projectile  (ie  Total 
Length,  Nose  Length,  etc.). 

•  FINNER  (Ref.  5)  The  FINNER  code  was  developed  to  allow  rapid  prediction  of  the 
aerodynamics  of  fin  stabilized  projectiles.  Inputs  required,  like  SPINNER,  are  the  key 
geometric  features  of  the  projectile. 

•  MUZZLE  EXIT  (Ref.  6)  This  code  predicts  the  “aerodynamic  jump  of  projectile  due 
to  in-bore  clearence.  Initial  angular  rate  and  first  maximum  yaw  are  also  computed. 

•  TRAJECTORY  (Ref.  7)  This  segment  contains  both  a  2DOF  with  drift  and  a  full 
6D0F  trajectory  program.  Many  options  exist  including  winds,  tracers,  rockets,  firing 
from  moving  platforms,  firing  from  rotating  gun  barrels,  ball  rotor  fuze  moving  parts, 
etc. 

•  BALLISTIC  TABLES  (Ref.  8)  This  segment  consists  of  several  firing  table  format 
output  options  for  use  in  setting  up  five  firing  tests  or  for  use  in  deriving  fire  control 
equations.  A  very  large  matrix  of  trajectories  are  automatically  executed  after  the 
simple  interactive  inputs  are  complete. 

Reference  1  descibes  in  detail  the  technical  background  of  the  various  program  seg¬ 
ments  including  Interior  Ballistics,  Structural,  and  Target  Effects.  Many  additional  refer¬ 
ences  are  cited  in  the  Technical  Manual. 
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Figure  3.  AI  -  PROD  AS  Data  Flow 

2.  Status  of  Revisions 

The  status  and  features  of  the  newly  developed  codes  are  briefly  listed  in  this  section. 
Each  area  will  be  discussed  in  greater  depth  in  the  same  order  in  following  subsections. 

•  An  experimental  Aerodynamic  Data  Bank  was  established  for  ‘Spinners’. 

•  SPINNER  Code  Updates  were  made: 

1.  added  Mach  No’s  6,  8,  and  10 

2.  added  Magnus  moment  prediction  to  10  degrees  yaw 

3.  added  Magnus  moment  prediction  for  Boomed  Projectiles 

4.  revised  stability  output 

•  An  automatic  2/6DOF  Trajectory  Program  (AI-TRAJ)  was  developed  with  the  fol¬ 
lowing  features: 

1.  Data  bank  of  projectile/gun  combinations 

2.  Non-linear  Magnus  monent  by  Table  Lookup  rather  than  polynomial  expansion 

3.  Simulated  stable  and  unstable  flights  utilizing  Linear  Theory  in  combination  with 
2DOF  trajectory  simulation 

4.  Identified  unstable  situations  and  automatically  initiated  6DOF  simulations  for 
confirmation 

5.  Created  file  to  be  read  by  the  Artificial  Intelligence  code  AERO-AI 
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•  Baseline  PRODAS  modifications: 

1.  Interface  with  AI-TRAJ  and  AERO-AI 

2.  File  structure  changed  to  be  compatible  with  improved  non-linear  Magnus  model 

•  AI  stability  rules  developed  and  coded  based  on  interviews  with  R.  Whyte  of  Arrow 

Tech  and  R.  McCoy  of  BRL. 

•  AERO-AI  system  developed  at  GE/ATL 

•  AI-PRODAS  trials  at  Arrow  Tech 

•  AI-PRODAS  installation  at  BRL 

3.  Aerodynamic  Data  Bank 

The  SPINNER  (Ref.  2)  code  contained  within  PRODAS  had  not  been  modified  since 
1973  except  for  an  update  to  the  computation  of  the  spin  decay  coefficient  in  1979.  The 
program  was  developed  by  fitting  equations  to  available  experimental  ‘data’.  This  ‘data’ 
base  had  been  saved  at  GE/ASD  and  was  reviewed  for  accuracy  and  adequacy.  New  data 
acquired  since  1973  was  added  to  the  data  base  which  brought  the  total  spin  stabilized 
data  base  to  over  100  projectiles  of  all  calibers  and  shapes.  To  assure  that  only  the  most 
important  and  accurate  data  be  utilized  for  predicting  the  coefficients  of  projectiles  under 
study,  only  the  ‘best’  50+  sets  of  data  (AEROS)  were  retained  for  use  by  AI-PRODAS. 
Figure  4  presents  the  descriptor  and  caliber  for  the  projectiles  contained  in  the  data  base. 
The  data  base  was  further  refined  by  adding  Magnus  moment  data  at  two  and  five  degrees 
of  yaw  where  available.  The  155mm  XM483  projectile  will  be  used  for  illustrative  purposes 
in  this  report.  The  exterior  projectile  shape  is  shown  in  Figure  5. 

An  example  of  the  data  base  format  for  this  XM483  projectile  in  shown  in  Figure 
6.  This  data  base  may  be  altered  or  added  to  as  described  in  Reference  3.  Appendix  A 
presents,  for  the  XM483,  a  minimal  set  of  typical  printed/plotted  output  available  to  the 
user  during  an  analysis  session  prior  to  entering  the  AI  segment. 


4.  Aerodynamic  Coefficients  and  Predicted  Errors 

The  prediction  of  aerodynamic  coefficients  and  their  errors  was  a  major  goal  of  this 
project  with  the  top  goal  of  this  project  being  prediction/computation  and  understanding 
of  the  expected  flight  performance  of  spin  stabilized  projectiles.  This  requires  that  not 
only  must  the  drag  coefficient  be  known  but  that  excellent  estimates  of  the  normal  force, 
pitching  moment,  damping  moment,  spin  decay  moment,  and  Magnus  moment  must  be 
available  as  functions  of  Mach  number  and  angle  of  attack  (non-linearities). 

To  accomplish  the  estimate  process  the  following  steps  are  accomplished  utilizing  user 
friendly  prompts  incorporated  in  PRODAS.  During  the  contract  this  process  was  refined 
and  user  friendly  aspects  improved. 
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Figure  7.  Similiar  Projectile  Shapes  -  XM483 
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Figure  8.  Geometric  Parameters  Similiar  Projectiles  -  XM483 
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Figure  7  shows  the  outline  of  the  XM483  and  also  the  outlines  of  the  5  similiar 
projectiles  contained  in  the  AEROS  data  base.  The  user  is  also  shown  a  list  of  the  key 
physical  attributes  of  the  similiar  projectiles  (Figure  8)  and  is  allowed  to  choose  which  of 
these  projectiles  are  to  be  used  in  the  computation  of  the  aerodynamic  coefficients. The 
projectiles  are  listed  in  order  of  increasing  nose  length  with  the  subject  projectile  listed 
between  the  dotted  lines. 

When  selecting  projectiles  for  inclusion  in  the  Figure  8  list,  the  program  uses  the 
following  rules  (criteria). 

•  Total  Length  -  The  total  length  must  be  within  0.7  calibers  of  the  subject  projectile. 

•  Boattail  -  If  the  subject  projectile  has  a  boattail  length  greater  than  0.65  calibers, 
all  projectiles  with  boattails  greater  than  0.45  calibers  are  considered.  If  the  boattail 
is  between  0.3  and  0.65  calibers  long,  all  projectiles  with  boattail  lengths  between  0.3 
and  0.65  calibers  are  considered.  For  shorter  boattails,  all  projectiles  with  boattail 
lengths  up  to  0.5  calibers  are  considered. 

•  Nose  Length  -  Initially  the  nose  length  must  be  within  0.2  calibers.  If  the  program  se¬ 
lects  fewer  than  6  projectiles  from  the  library,  nose  lengths  up  to  a  delta  of  0.3  calibers 
will  be  included.  If  fewer  than  6  projectiles  still  have  not  been  selected,  differences  of 
0.4  will  be  used.  The  program  will  not  go  beyond  a  0.4  caliber  differential. 

At  this  point  the  program,  in  turn,  computes  the  aero’s  using  SPINNER  for  each 
similiar  projectile  and  determines  the  difference  between  the  SPINNER  prediction  and  the 
AEROS  file.  The  mean  error  of  all  similiar  projectiles  is  computed  for  each  coefficient 
and  Mach  number.  These  mean  errors  are  then  added  to  the  SPINNER  prediction  of  the 
projectile  under  analysis  to  produce  a  ‘best’  estimate  of  the  aerodynamic  coefficients.  The 
coefficients  are  displayed  in  graphical  form  along  with  their  error  bound  (Figure  9).  The 
error  bound  represents  the  maximum  plus  and  minus  error  determined  for  each  similiar 
projectile  at  each  Mach  number  containing  data.  A  tabulated  sample  for  the  XM483  is 
shown  in  Figure  10. 

The  user  is  also  provided  the  opportunity  to  adjust  the  coefficients  through  table 
editing  or  by  altering  the  data  using  the  screen  cursor  to  change  the  shape  of  the  displayed 
curve  (i.e.  ‘Mouse’).  In  this  manner  actual  test  data  can  be  input  to  replace  computed 
values. 
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6.  St  ability  Methodology  -  AI-TRAJ  Implementation 

Assuming  the  aerodynamic  coefficients  have  been  defined  by  either  test  data  or  by 
the  method  described  above,  the  analysis/prediction  of  the  performance  of  projectiles  still 
remains  a  complex  problem  involving  many  variables.  Some  of  these  are  listed  below. 

•  Application  (Artillery, Tank/IFV,  Anti-Aircraft,  or  Aircraft  Mounted) 

•  Muzzle  Velocity  (several  zones  from  subsonic  to  supersonic) 

•  Quadrant  Elevation  (high  angle  trailing) 

•  Weapon /Gun  (different  rifling/twist) 

•  Atmosphere  (cold,  ambient,  and  hot) 

•  Muzzle  Tipoff  (Worn  guns,  variable  angular  rates) 

•  Winds 

•  Side/Forward  firing  from  moving  platform 
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Figure  10.  Tabulated  Aerodynamic  Coefficients  -  XM483 


To  assist  the  user  in  considering  and  implementing  sufficient  analysis,  a  special  purpose 
trajectory  code  (AI-TRAJ)  has  been  developed.  The  features  of  this  code  are  outlined 
below  for  the  artillery  mission.  The  other  applications  were  not  implemented  in  the  current 
contract  although  the  program  structure  was  designed  to  accomodate  future  additions. 

•  Initial  Conditions  (Total  384  maximum  combinations) 

1.  Muzzle  Velocity:  all  zones  from  gun  file  are  run  (8  maximum) 

2.  Gun  Elevation  :  15,  30,  45,  and  65  degrees 

3.  In-Bore  Yaw  :  1.0,  2.5,  4.0  and  6.0  mils 

4.  Sea  Level  Temperature  :  15,  and  -40,  4-45  deg-C 

•  2DOF  Simulations 

1 .  Linear  Theory  computations  of  fast  and  slow  vectors  during  trajectory 

2.  Drag  includes  computed  yaw  effects 

3.  Drag  form  factor  computed  which  is  required  to  achieve  desired  range 

4.  Short  Range  and  stability  problem  categorized  (initial  diagnosis) 

5.  Inputs  set  up  for  6DOF  confirmation  trajectories 


•  6DOF  Simulations  of  selected  cases 

•  Stability  Analysis  of  6DOF  motion  by  Linear  Theory  (AIYAWLT) 


1.  Fit  6D0F  motion  (Theta, Psi)  using  least  squares 

2.  Identify  stable  and  unstable  vectors 

3.  Compare  6DOF  results  with  2DOF  results  (final  diagnosis) 

4.  Prepare  Inputs  (File  AI-RCA  for  ATL’s  AERO-AI) 

Appendix  B  steps  through  this  process  with  a  representative  case  (XM483).  The 
outputs  from  AI-TRAJ  are  provided  to  the  GE-ATL  expert  system  as  file  (AI-RCA)  for 
use  by  the  expert  system  discussed  in  Section  IV. 


a.  2DOF  Simulation  with  Yaw 

The  run  time  associated  with  executing  a  possible  total  of  384  6D0F  trajectories  is 
prohibitive  unless  a  super  computer  is  utilized.  The  super  computer  route  was  not  chosen 
as  it  was  judged  to  be  a  waste  of  a  resource  which  could  be  better  used  for  CFM,  FEM, 
and  other  computationally  intensive  processes. 

Instead,  Linear  Theory  computations  were  imbeded  into  the  2D0F  trajectory  simu¬ 
lation  with  two  goals  in  mind. 

1.  Compute  Mean  Yaw  by  Linear  Theory  thus  allowing  yaw  drag  simulation 

2.  Identify  unacceptable  slow  or  fast  arm  growth  (undamping) 

The  following  initial  setups  and  conditions  are  computed  based  on  the  trajectory 
to  be  executed.  All  specii.id  combinations  of  muzzle  velocity,  gun  elevation,  sea  level 
temperature  and  in-bore  yawT  angle  will  be  executed  in  turn. 

•  Muzzle  Gyroscopic  Stability  Factor 

c  _  2&L 

J9  - 

•  Ballistic  Factor 


•  Fast  /  Slow  Epicylic  Rates 

=  (i  +  <-)(f£) 

is  =  (i-oXSfc) 

•  Initial  Angular  Rate 

fi  =  pa„ 
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•  First  Maximum  Yaw  Angle 


^mai 


J*»lf  , _ 


•  Initial  Fast  /  Slow  Arm  Magnitudes 
A>  = 

A's  =  *5“ 


•  Define  Numerical  Integration  Time  Step  (Empirical) 


At  = 


Example: 


d  mm 

V  m/s 

At  sec. 

Calibers  of  Travel 

Travel  meters 

30 

500 

0.072 

1200 

36 

105 

500 

0.252 

1200 

126 

200 

500 

0.480 

1200 

240 

The  sequence  of  events  during  the  computation  of  a  single  time  step  of  a  2D0F 
trajectory  are  listed  below.  Where  appropriate,  the  key  equations  are  stated. 


1.  Compute  the  mean  yaw  squared 
P  =  K%  +  A'| 


2.  Compute  the  Aerodynamic  Coefficients  at  the  mean  yaw 
Cx  =  Cxo  +  Cx  2P 

Cno  =  Ctfao  +  C^a  3P 

Cmo  =  Cmoo  +  Cma$P 

Cmq  —  Cm qo  "t~  Cmqa^S 

C„pa  -  (Table  Lookup  of  C'npQ  versus  P) 
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3.  Compute  the  Yaw  of  Repose 


Kb  =  ItP8'0,'l 

"  R  QAdV  Cma 


4.  Compute  the  accelerations  to  be  integrated 


X  =  f(Cx,CNQ,KR,P) 
Y  =  f(Cx,CNa,KR,P) 


Z  =  f{Cx,Cpfa,KR,P,g) 


5. 


Compute  the  magnitude  of  the  slow  and  fast  arms  at  the  end  of  the  integration  time 
step 


A>t+1  =  A>,  *  CA^-(X,+1-Xf) 

As  =  l£l[d  +  l)C^  -  (=£)(1  -  i)C„,  +  (=£)(!)<?*,») 

A'St+1  =  A's,  *eAs*(Xl+‘-x<» 


6.  Repeat  step  1  thru  5  until  ground  impact 

During  the  steps  reviewed  above  several  checks  and  balances  are  made  to  assure 
computations  are  done  within  acceptable  boundaries.  At  trajectory  flight  times  of  0,  5, 
15,  30,  50  seconds  and  at  ground  impact,  the  program  checks  for  the  following  attributes. 

•  AV,  A's  ,  undamping,  limit  cycle,  damping  (fast  /  slow) 

•  Sg  -  below  1.7  ,  below  1.05 

•  Impact  Range  compared  to  expected  range  with  zero  angle  of  attack. 

Each  characteristic  is  tracked  for  trends  and  a  simplified  matrix  of  results  is  output. 
Figure  11  illustrates  results  at  15  deg-C  for  the  XM483.  The  preliminary  diagnosis  of 
problems  are  presented  by  code.  The  codes  are  defined  in  Figure  12.  In  addition  the 
details  of  the  problems  are  tracked  for  each  trajectory  and  may  be  output  individually. 
Figure  13  illustrates  this  table  for  specific  initial  conditions. 
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Figure  11.  Trajectory  Matrix  at  15  Deg-C 


Category  Probable  Causa 

0  No  problem 

1  6DOF  info  run  (no  problam) 

2  Low  tarminal  gyro 

3  Slow  arm  limit  cycla  >6 

4  Fast  arm  undamping 

5  Slow  arm  short  round 

6  Fast  arm  short  round 

7  Low  muzzla  gyro  -  slow  arm  short  round 

8  Low  muzzla  gyro  -  fast  arm  short  round 

9  Problam  ???  short  round  plaasa  run  6D0F 

10  Gyro  unstabla  at  muzzla 


Figure  12.  Diagnostic  Codes 
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Figure  13.  Trajectory  Diagnostics  as  Function  of  Time 


b.  6DOF  Simulation  for  Validation 

After  the  2DOF  process  is  completed  including  preliminary  diagnosis  of  the  prob¬ 
lem^),  the  analyst(user)  is  afforded  the  opportunity  to  run  6DOF  trajectories  for  valida¬ 
tion  purposes  on  up  to  25  of  the  possible  384  2DOF  runs.  The  AI-TRAJ  code  selects  a 
sample  of  the  ‘worst’  cases  and  a  limited  sample  of  acceptable  flights.  The  user  retains 
final  authority,  however,  on  which  GDOF’s  will  be  run  through  menu  selection. 

The  angular  motion  history  of  each  6DOF  executed  along  with  other  key  trajectory 
information  including  impact  range  are  stored  for  analysis  and  comparison  with  the  pre¬ 
vious  results  of  the  identical  2DOF  trajectory.  The  angular  motion,  in  the  form  of  Yaw 
Sonde  type  plots  are  available  for  viewing  and  printing.  Also  available  are  velocity,  spin, 
and  gyroscopic  stability  factor  as  a  function  of  time.  Figures  14  and  15  illustrate  the  Yaw 
Sonde  type  plots  for  Supersonic  and  Transonic  XM483  initial  conditions  at  30  degrees  gun 
elevation. 

The  angular  motion  computed(6DOF)  is  now  fit  to  the  Linear  Theory  solution  (Ref. 
9)  shown  below  by  least  squares  in  a  manner  very  similiar  to  the  technique  used  in  Ballistic 
Ranges. 


a  =  A>eA,p* cos(<f>F  +  4>fX  +  +  h'seXsX cos(<j>s  +  4>sX  +  4>s^r) 


(3  =  A>eAr*  ain(4>F  +  4>fX  +  <f>F^r)  +  K$eXs*  sin{<j>$  +  <^5  A'  +  <j>s^r )  +  A ip 


By  Linear  Theory,  the  resultant  6DOF  motion  can  be  analyzed  with  respect  to  the 
same  criteria  used  for  the  2DOF  and  the  codes  shown  in  Figure  12  assigned  as  appropriate. 
Tabular  output  in  the  form  of  Figure  13  is  also  available.  Direct  comparison  of  the  code(s) 
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and  the  impact  ranges  (2D0F  vs.  6D0F)  are  displayed  to  the  user.  At  the  point,  the  user 
can  elect  to: 

1.  Change  the  diagnosis 

2.  Proceed  to  the  AERO-AI  code  dicussed  in  the  following  section 

3.  Restart  the  AI-TRAJ  with  other  initial  conditions 

4.  Return  to  PRODAS  without  further  analysis 


IV.  AERO-AI  Artificial  Intelligence  /  Expert  System 


AERO-AI  is  a  rule-based  expert  system  developed  by  GE’s  Advanced  Technology  Labs 
(GE-ATL)  in  Moorestown,  NJ,  under  subcontract  to  the  Armament  Systems  Department 
(GE-ASD). 

AERO-AI  has  been  implemented  using  Inference’s  Automated  Reasoning  Tool  (ART), 
a  powerful  expert  system  building  shell.  GE-ATL  has  augmented  the  basic  ART  package 
with  a  number  of  C  functions.  This  additional  code  performs  tasks  such  as  interprocess 
communication,  input  file  parsing,  and  generation  of  textual  user  recommendations.  The 
rule  base  structure  of  AEROAI  was  designed  to  facilitate  further  expansion  and  refinement 
by  trained  system  managers. 

Two  versions  of  AEROAI  have  been  developed.  One  is  a  Vax-based  ART/C  version 
which  is  invoked  as  a  subprocess  to  the  main  PRODAS  system.  Communication  between 
the  two  programs  is  performed  automatically  through  a  pair  of  dedicated  VMS  mailboxes. 
The  second  version  of  AEROAI  is  a  standalone  system  running  on  a  Sun  workstation  under 
ART/LISP.  The  C  functions  from  the  Vax  version  have  been  translated  into  Sun/LISP 
functions,  but  both  versions  use  the  same  source  code  and  data  files.  The  user  must 
transfer  the  AITRAJ  program  manually  to  the  Sun  before  beginning  operation.  Figure  16 
shows  the  relationship  between  PRODAS,  AI-TRAJ,  and  AERO-AI. 

There  are  four  main  components  to  the  AERO-AI  expert  system:  the  rulebase,  the 
initial  factbase,  the  auxiliary  LISP  or  C  code,  and  the  recommendation  code  definitions. 
All  are  discussed  in  more  detail  in  later  sections.  The  four  components  are  kept  in  separate 
files  within  the  home  AERO-AI  directory,  as  follows: 

Initial  Factbase:  aeroai$home:aeroai-facts.art 

Rulebase:  aeroai$home:aeroai-rules.art 

Auxiliary  Code:  aeroai$home:aeroai.lsp 

RecCodes :  aeroai  Shome  :reccodes  .aeroai 

When  compiled,  the  combined  initial  factbase/rulebase  is  contained  in  the  file: 

aeroai$home:aeroai-rules.lbin 
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.  .then  AEROAI  interprets  these 
summaries  end  generates  a  set 
of  recommendations  for  the  veer. 


Figure  16.  AERO-AI  System  Overview 


Figure  17.  Componants  of  AERO-AI 


1.  ART 

AERO-AI  was  built  using  ART,  the  Automated  Reasoning  Tool  from  Inference  Cor¬ 
poration.  ART  is  a  commercial  expert  system  building  shell  which  runs  on  many  different 
hardware  systems.  Readers  unfamiliar  with  ART  are  strongly  encouraged  to  consult  “The 
ART  Programming  Tutorial”  (copyright  1987,  Inference  Corporation),  a  four- volume  series 
on  the  implementation  of  expert  systems. 

AERO-AI  was  developed  using  the  full,  standard  version  of  ART.  Inference  also  offers 
a  package  called  “ART-IM”,  which  is  smaller  and  less  expensive  than  the  full  version  but 
which  does  not  offer  some  of  the  most  sophisticated  expert  system  building  constructs. 
AERO-AI  uses  only  those  constructs  common  to  full  ART  and  ART-IM. 


2.  Implementation  Notes 

This  subsection  discusses  the  internal  structure  of  AERO-AI  and  the  motivation  be¬ 
hind  some  of  the  implementation  decisions.  Figure  17  illustrates  the  top-level  components 
of  AERO-AI  and  their  interrelationships. 


a.  AERO-AI  Rulebase  Architecture 

One  common  criticism  of  rule-based  expert  systems  is  that  they  are  inherently  un¬ 
structured  in  nature.  Established  languages  such  as  FORTRAN  and  C  have  time-tested 
sets  of  rules  which  define  good  programming  practice  (e.g.,  “Avoid  GOTO  statements”, 
“Put  RETURN  statements  only  at  the  end  of  a  function”,  “Indent  loop  blocks  two  spaces", 
etc.),  but  expert  system  languages  have  few  such  guidelines.  In  addition,  it  is  usually  very 
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CONTROL  SUBSECTION  .  Closed  tel  ol  rules  which  determines 
program  How  and  manages 
interprocess  communication. 

DOMAIN  SUBSECTION  ;  Open  sets  ot  rules  which  analyze 
projectile  data  and  AITRAJ 
analyses. 

Figure  18.  AERO-AI  Rulebase  Architecture 

difficult  for  a  reader  to  predict  the  flow  of  control  through  a  rule  base  by  simply  examining 
the  source  code.  The  result:  even  well-commented  expert  systems  are  often  very  difficult 
to  maintain,  especially  by  people  other  than  the  original  programmer. 

AERO-AI’s  rulebase  was  developed  to  facilitate  later  maintenance  and  expansion. 
Rules  that  perform  similar  functions  are  grouped  into  blocks  called  “partitions”,  with  each 
partition  assigned  a  unique  “salience”  (i.e.,  priority)  value.  Only  three  partitions  contain 
PRODAS-specific  information  (see  Figure  18).  Execution  proceeds  in  a  well-defined  linear 
path  across  partitions,  from  highest  to  lowest  salience.  The  nine  partitions,  in  order  of 
priority,  are: 

1.  Initialization  -  performs  actions  necessary  when  the  expert  system  is  first  invoked. 

2.  Special  Priority  -  includes  blocks  of  very-high-priority  control  rules  that  must  be 
executed  as  an  uninterrupted  unit. 

3.  User  Interface  -  handles  communication  between  the  expert  system  and  the  user 

4.  Database  Query  -  handles  communication  between  the  expert  system  and  any  external 
datafiles 

5.  Monitor  -  controls  execution  and  information  flow  within  the  domain  rules. 

6.  Generate  -  creates  an  initial  set  of  recommendations  from  the  AITRAJ  analyses  of 
the  projectile. 
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7.  Refine  -  adjusts  the  recommendation  set  based  on  the  projectile’s  past  history. 

8.  Review  -  rejects  any  recommendation  that  violates  the  projectile’s  geometry  restric¬ 
tions. 

9.  Termination  -  performs  any  actions  necessary  before  the  expert  system  concludes 
operation. 

These  partitions  are  further  grouped  into  two  subsections,  called  Control  and  Domain. 
The  Control  Subsection  (CS)  is  comprised  of  the  Initialization,  Priority,  User  Interface, 
Database  Query,  Monitor,  and  Termination  partitions.  Rules  in  the  CS  perform  adminis¬ 
trative  and  supervisory  functions  only;  they  do  not  contain  any  rules  for  analyzing  projec¬ 
tiles  or  making  recommendations.  These  tasks  are  performed  by  the  Domain  Subsection 
(DS),  which  contains  all  PRODAS-specific  knowledge.  The  DS  is  made  up  of  the  Generate, 
Refine,  and  Review  partitions. 

The  Control  Subsystem  is  intended  to  be  a  “closed”  set  of  rules,  meaning  that  it  is 
very  unlikely  any  of  its  partitions  will  need  to  be  extended  in  the  future.  The  Domain 
Subsection,  in  contrast,  contains  an  “open”  set  of  rules.  The  more  rules  that  are  added  to 
the  DS,  the  more  types  of  trajectory  problems  AERO-AI  can  handle,  and  hence  the  more 
powerful  the  expert  system  will  become. 


b.  Recommendation  Codes 

A  Recommendation  Code  (RecCode,  for  short)  is  a  short  mnemonic  that  represents 
the  text  of  a  user  recommendation  within  the  AERO-AI  rule  base.  It  would  be  both  inele¬ 
gant  and  inefficient  to  put  the  actual  recommendation  text  within  an  ART  rulebase  source 
file.  The  most  compelling  reason  against  this  is  that  minor  grammatical  or  punctuation 
changes  in  a  message  would  require  a  complete  recompilation  of  the  expert  system. 

RecCodes  are  defined  by  an  external  data  file  in  the  home  AERO-AI  directory.  They 
are  loaded  into  the  expert  system  at  run  time.  An  example  of  a  typical  RecCode  definition 
is  as  follows: 

%RECCODE  MOVE.COG-FOR 

0  -  “Move  center  of  gravity  towards  front  of  projectile” 

1  -  “Move  center  of  gravity  ,3F  calibers  towards  front  of  projectile” 

This  defines  the  recommendation  code  MOVE.COG-FOR  (“MOVE  C-O-G  FOR- 
ward”),  corresponding  to  the  two  text  strings  listed  above.  The  numbers  preceding  the 
strings  represent  the  number  of  arguments  within  the  text.  This  is  called  the  “arity”  of 
the  string,  and  RecCodes  are  generally  referred  to  as  MNEMONIC'/ ARITY  (for  example, 
“REDC-BT-LEN/O”  represents  the  Reduce  Boattail  Length  recommendation  with  zero 
arguments). 

RecCodes  are  defined  starting  with  the  introductory  symbol  “%REC'CODE”  and  the 
name  of  the  mnemonic  (“MOVE.COG-FOR”),  in  the  example).  Next,  the  strings  corre- 
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sponding  to  each  legal  arity  are  given,  one  arity/string  per  line.  The  string  is  delimited  by 
double  quotes,  and  a  space-hyphen-space  separates  the  arity  from  the  string. 

Those  familiar  with  LISP  will  recognize  the  MOVE.COG.FOR/1  to  be  a  template  for 
the  FORMAT  function  in  Common  LISP.  The  “  ,3F”  represents  the  printed  representation 
of  a  floating-point  number  taken  to  three  decimal  places.  Indeed,  AERO-AI  uses  FORMAT 
to  generate  the  actual  messages  it  presents  to  the  user.  Given  the  ART  clause... 

(recommendation  (TEST  3)  F  MOVE.COG.FOR  (0.1295)  95) 

...AEROAI  will  print  a  text  recommendation  for  projectile  TEST,  revision  3,  of  the 
form... 


95  :  Move  center  of  gravity  0.130  calibers  towards  front  of  projectile. 

A  double- tilde  within  the  text  string  corresponds  to  a  carriage  return  in  the  printout  . 
This  differs  from  Common  LISP  standard,  where  a  double-tilde  specifies  a  single  tilde  in 
the  output  stream. 

Information  Codes  (InfoCodes)  are  the  corresponding  mnemonics  for  Informational 
Messages.  They  are  kept  in  the  same  external  data  file  as  RecCodes  and  are  used  in  an 
analogous  manner.  InfoCodes  are  introduced  in  the  RecCode  file  by  the  symbol  “%IN- 
FOCODE”  rather  than  “%RECCODE”,  but  otherwise  are  defined  similarly. 


c.  AERO-AI  Facts  File  and  Initial  Factbase 

The  AERO-AI  facts  file  defines  the  relations  and  global  variables  which  are  used  in 
the  rulebase.  Together  with  the  rulebase  file,  it  acts  as  the  source  code  for  the  expert 
system.  The  facts  file  must  be  loaded  into  ART  before  the  rulebase  is  loaded,  compiled, 
and  saved. 

The  facts  file  is  divided  into  three  sections:  definition  of  relations,  definition  of  global 
variables,  and  the  Initial  Factbase.  The  first  two  sections  roughly  correspond  to  defining 
constants  and  variables  in  a  PASCAL  program,  and  they  are  of  little  interest  to  the  user. 

The  Initial  Factbase  is  the  set  of  facts  that  are  present  at  the  start  of  an  AERO-AI 
run.  In  general,  these  are  special  relations  which  define  how  AERO-AI  should  handle 
certain  situations. 

•  (ASP-ZONING  (threshold)  (init-wt)  (incr-wt)  ) 

—  Specifies  when  AERO-AI  will  recommend  the  Zoning  Option  to  the  user.  If  the 
projectile  gets  “stuck”  in  failure  classes  5,  6,  7,  or  8  for  (threshold)  consecutive 
PRODAS  runs,  then  AERO-AI  recommends  the  Zoning  Option  with  a  weighting 
factor  of  (init-wt).  Each  unsuccessful  run  thereafter  increases  the  weight  by  (incr- 
wt). 

•  (THRESHOLD  (dimension)  (min-chng)  ) 

-  Specifies  the  minimum. change  in  geometry  metric  (dimension)  that  is  considered 
significant  by  AERO-AI.  For  example,  the  fact  (THRESHOLD  VB  .01)  specifies 
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that  a  projectile’s  boat  tail  length  must  be  increased  or  decreased  by  at  least  lhave 
a  measurable  impact  on  performance. 

•  (VB-OSCILLATION  (fcl)  (fc2)  (reccode)  (direction)  (message)  (wt)  ) 

-  The  ’’Boattail  Oscillation”  relation.  Adjusting  the  boattail  length  of  a  projectile 
will  often  cause  it  to  jump  from  one  major  failure  class  to  another.  This  relation 
alerts  AERO-AI  to  the  cases  when  such  a  jump  might  have  taken  place,  and  the 
expert  system  can  adjust  its  recommendations  accordingly  in  the  Refine  partition. 
What  this  relation  does  is  prevent  AERO-AI  from  recommending  on  one  run 
“Move  the  boattail  up  .25  calibers”,  then  on  the  very  next  run  recommending 
“Move  the  boattail  back  .25  calibers”,  ad  infinitum.  Users  have  been  found  to 
become  quite  irate  when  an  expert  system  exhibits  such  behavior. 

-  As  an  example,  consider  the  fact: 

(VB-OSCILLATION  7  6  INCR-BT-LENGTH  -  OSC.VB.NEG  95) 

Whenever  AERO-AT  v-  about  to  make  an  “INCR-BT-LENGTH”  recommendation 
for  a  projectile  with  failure  Code  7,  it  will  first  check  to  see  if  the  boattail  was 
reduced  (the  argument;  also  may  be  written  “NEGATIVE”)  in  response  to 
an  earlier  Failure  Code  6.  If  so,  the  recommendation  should  be  refined  (usually 
by  splitting  the  difference  between  the  boattail  lengths)  and  an  “OSC.VB.NEG” 
Information  Message  should  be  printed  with  weighting  factor  95. 

•  (GEOMETRY-METRIC  (reccode)  (metric)  (direction)) 

-  Specifies  what  geometry  metrics  are  affected  by  a  particular  recommendation,  and 
whether  they  will  increase  or  decrease.  For  example,  (GEOMETRY-METRIC 
INCR-BT-LENGTH  VL  +  )  states  that  the  total  length  of  the  projectile  (VL) 
will  increase  (  +  )  in  response  to  an  INCR-BT-LENGTH  recommendation.  These 
facts  are  used  in  the  Review  partition  when  checking  geometry  restrictions. 


d.  Auxiliary  LISP/C  Code 

ART  includes  a  powerful  feature  called  the  “callout”  utility.  This  allows  a  programmer 
to  invoke  external  functions  or  procedures  from  within  a  rule  base,  either  on  the  left-hand 
or  right-hand  side  of  a  rule.  Such  functions  might  perform  complicated  mathematical 
calculations  (something  Common  LISP  in  general  and  ART  in  particular  is  notoriously 
poor  at  doing),  handling  I/O,  and  manipulating  strings.  It  is  good  programming  practice 
to  do  as  much  algorithmic  work  as  possible  using  auxiliary  code,  leaving  ART  to  handle 
control  and  heuristic  tasks. 

AERO-AI  includes  a  number  of  callout  functions  encoded  in  both  C'  (for  the  Vax 
version)  and  LISP  (for  the  Sun  version).  The  most  important  of  these  include: 

•  load-AEROAI-table  (proj,  rev)  :  Loads  the  AI-TRAJ  summary  file  for  a  given  pro¬ 
jectile  and  revision  number. 

•  send-user  (msg,  color)  :  Displays  a  message  to  the  the  user. 
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•  recommend  (type,  msg,  wt)  :  Generates  a  recommendation  or  informational  message 
to  the  user  and  assigns  it  a  specific  weighting  factor. 

•  prodas-request  (req)  :  Requests  that  PRODAS  take  some  action  and  send  the  results 
back  to  the  expert  system.  (On  the  standalone  Sun  version,  this  function  simply 
initiates  the  sequence  that  displays  AERO-AI’s  recommendations  to  the  user). 

•  save-recommendations  (  )  :  Writes  the  current  set  of  recommendations  to  a  disk  file. 
3.  AERO-AI  Operation 

This  section  discusses  the  operation  of  AERO-AI  and  the  steps  it  takes  in  evaluating 
a  projectile.  Interpreting  the  output  of  the  system  is  covered  in  subsection  . 


a.  AERO-AI  Flow  of  Execution 

To  illustrate  the  execution  path  that  AERO-AI  takes  in  evaluating  a  projectile,  con¬ 
sider  a  sample  consultation  session.  Assume  that  AERO-AI  has  been  invoked  (in  either 
the  Vax/C  or  Sun/LISP  version)  and  is  sitting  in  an  idle  state  waiting  for  the  user’s 
instructions  (refer  to  Figure  19,  throughout  this  section,  starting  at  step  0). 

Execution  begins  when  AERO-AI  receives  a  request  to  evaluate  a  particular  design. 
Depending  on  which  version  is  run,  this  may  be  through  an  explicit  “EVALUATE”  com¬ 
mand  issued  by  the  user,  or  via  a  text  message  received  directly  from  PRODAS.  AERO-AI 
awakens  (Special  Priority  partition,  step  1),  and  control  then  passes  to  the  Monitor  (step 
2). 

The  Monitor  performs  three  major  tasks.  First,  it  creates  the  internal  control  rela¬ 
tions  specifying  the  current  projectile-name  and  revision  number.  Second,  it  checks  if  the 
AITRAJ  datafiles  for  the  current  projectile/revision  and  all  its  previous  revisions  have 
been  loaded  into  the  fact  base.  If  not,  control  temporarily  passes  to  the  Database  Query 
partition  which  loads  the  necessary  files  (Step  2a).  Third,  it  decides  which  of  the  two 
temperatur:  analyses  -  COLD  or  AMBIENT  -  should  be  evaluated. 

In  general,  it  is  best  to  concentrate  on  the  worse  of  the  two  analyses.  This  is  because 
solving  the  more  serious  problem  often  results  in  eliminating  the  less  serious  one  also. 
If  both  analyses  have  the  same  failure  code,  the  COLD  analysis  should  be  used.  Note 
that  this  is  the  only  PRODAS-specific  knowledge  that  is  encoded  outside  of  the  Domain 
Subsection. 

Control  now  moves  to  the  Domain  Subsection,  Generate  partition  (step  3).  Here, 
the  current  projectile/revision  is  evaluated  independent  of  any  past  revisions  or  geometry 
restrictions.  The  end  result  is  a  set  of  initial,  or  ’’Class  I”,  recommendations.  Figure  20 
presents  a  partial  list  of  recommended  actions  by  ‘Problem  Code’. 

The  Refine  partition  (step  4)  will  review  the  projectile’s  previous  revisions  and  de¬ 
termine  if  any  Class  I  recommendations  should  be  retracted  or  adjusted.  Rules  in  this 
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Figure  19.  Flow  of  Execution  in  AERO-AI 
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o  Docroaso  boat  tail  longth  (if  groator  than  .25  calibors) 

This  rocosionda t ion  will  not  bo  prosontod  on  tho  first  pass 
through  tho  progran  bocauso  of  tho  resulting  incroasod  drag. 


Brror  4  Past  Ara  Short  Bound 

o  Movo  cantor  of  gravity  towards  roar  of  projoctilo 
o  Docroaso  boat  tail  longth  (if  groator  than  .25  calibors) 

This  r ocononda t ion  will  not  bo  prosontod  on  tho  first  pass 
through  tho  prograa  bocauso  of  tho  resulting  incroasod  drag. 

Brror  •  Low  Rntslo  Gyroscopic  Stability  -  fast  ara  short  rosad 
o  Zncoaso  tho  rifling  twist 
o  Movo  cantor  of  gravity  forward 
o  Zncroaso  axial  inortia 
o  Docroaso  transverse  inortia 

o  Docroaso  boat  tail  longth  (if  groator  than  .25  calibors) 

This  r oconaonda t i on  will  not  bo  prosontod  on  tho  first  pass 
through  tho  prograa  bocauso  of  tho  resulting  incroasod  drag. 

Brror  10  Gyroscopic  instability  at  tho  Hassle 
o  Zncoaso  tho  rifling  twist 
o  Movo  cantor  of  gravity  forward 
o  Zncroaso  axial  inortia 
o  Docroaso  transvorso  inortia 

o  Docroaso  boat  tail  longth  (if  groator  than  .25  calibors) 

This  r oconaonda t i on  will  not  bo  prosontod  on  tho  first  pass 
through  tho  prograa  bocauso  of  tho  resulting  incroasod  drag. 


Figure  20.  Recommended  Actions 

section  look  for  dangerous  trends  across  several  runs.  For  example,  if  a  projectile  oscillates 
between  certain  failure  classes  for  several  consecutive  revisions,  this  might  be  indicative  of 
a  more  serious  design  flaw.  In  addition,  rules  in  this  partition  check  to  see  if  any  Class  I 
recommendations  for  the  projectile  have  already  been  attempted  and  rejected  by  the  user. 

The  revised  set  of  “Class  II”  recommendations  are  passed  to  the  Review  partition  for 
final  analysis  (step  5).  Here,  AERO-AI  checks  to  see  if  any  recommendation  violates  the 
set  of  geometry  restrictions  specified  by  the  user.  If  so,  the  recommendation  is  “flagged” 
(rather  than  flatly  retracted)  and  will  be  displayed  only  after  the  set  of  Final  Recommen¬ 
dations  are  presented  to  the  user. 

In  all  three  Domain  Subsection  partitions,  “informational  messages”  are  occasionally 
generated  by  AERO-AI.  These  messages  are  not  considered  forma]  recommendations  per 
se,  but  rather  diagnoses,  warnings,  data  summaries  and  other  information  that  might  be 
valuable  to  the  user.  All  output  from  AERO-AI  (both  messages  and  recommendations) 
are  assigned  a  weighting  factor  that  determines  the  order  in  which  they  are  displayed  to 
the  user. 

Finally,  AERO-AI  returns  to  the  Control  Subsection  in  the  Termination  partition 
(step  6),  where  the  DISPLAY-RECOMMENDATIONS  function  is  invoked.  AERO-AI 
first  displays  any  informational  messages  generated  during  the  current  run,  followed  by 
the  set  final  recommendations,  followed  by  any  recommendations  which  were  rejected  due 
to  geometry  restrictions  in  the  Review  partition.  AERO-AI  then  returns  to  its  idle  state 
to  await  further  instructions. 
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b.  AERO-AI  Output  Messages 


Consider  a  sam  le  AERO-AI  user  recommendation: 

100  :  Reduce  the  projectile’s  boattail  length  by  approximately  0.25  calibers. 

The  two  numbers  present  in  this  message  are  very  significant  and  easily  misunder¬ 
stood.  The  first  number,  100,  is  the  recommendation’s  “weighting  factor”.  It  specifies  the 
relative  importance  of  each  message,  and  it  is  used  to  determine  the  order  in  which  a  set 
of  recommendations  are  displayed  to  the  user.  It  should  absolutely  NOT  be  construed  as 
either  a  ’’confidence  value'-  or  the  percentage  chance  of  success,  especially  since  weighting 
factors  will  often  exceed  100.  A  weighting  factor  of  80,  for  example,  simply  means  that  a 
PRODAS  expert  would  be  more  likely  to  make  this  recommendation  to  a  novice  user  than 
he  would  one  of  60. 

If  a  recommendation  contains  an  explicit  adjustment  value  (“0.25  calibers”  in  the 
example),  this  number  should  be  taken  as  a  general  guideline  only.  The  user  may  choose  a 
larger  adjustment,  or  a  smaller  adjustment,  or  maybe  even  no  adjustment  at  all.  As  when 
using  any  expert  system,  the  user  should  rely  on  his  own  judgment  as  the  final  arbiter. 


c.  Extending  AERO-AI 

As  stated  earlier,  virtually  all  future  additions  to  the  AERO-AI  rulebase  will  be  made 
in  the  Domain  Subsection.  AERO-AI  users  are  encouraged  to  extend  the  expert  system  by 
writing  their  own  custom  rules.  Appendix  C  contains  a  step-by-step  guide  to  customizing 
AERO-AI. 
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V.  Conclusions 


The  PRODAS  program  with  AI-TRAJ  enhancements  has  been  installed  on  a  VAX 
computer  and  the  companion  program  AERO-AI  has  been  installed  a  SUN  workstation  at 
the  BRL.  The  PRODAS  code  with  AI-TRAJ  has  been  extensively  utilized  and  tested  at 
GE-ASD  and  Arrow  Tech.  This  code  is  capable  of: 

•  Improved  aerodynamic  coefficient  prediction  for  spin  stabilized  projectiles 

•  Automatically  executing  a  matrix  of  trajectories  (2DOF  modified) 

-  Muzzle  Velocities  (8  zones  Maximum) 

-  Gun  Elevations  (4  maximum) 

-  Atmospheres  (cold,  ambient,  hot) 

-  In-bore  yaw  angles  (4  maximum) 

•  Determination  of  short  range  problems  (2D0F  with  Linear  Theory) 

•  Diagnosis  of  stability  problems  (2D0F  with  Linear  Theory) 

•  Automatic  execution  of  selected  trajectories  by  6D0F 

•  Automatic  comparison  of  2D0F  and  6D0F  results 

•  Confirmation  of  2D0F  problem  diagnosis 

•  Interface  with  AI  recommendation  codes 

•  Maintains  Log  of  problems,  recommendations,  and  results 
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List  of  Symbols 
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Cx 

^Ao 


Cx 


Cr, 


C. N„ 


CPN 

d 

db 

9 

/x?  ly 

kt 

A>,A', 

Kr 

m 

M 


ltd2/ 4,  reference  area 

|aiia/  /orce|  l[{\/2)pAV7] 

the  zero-yaw  axial  force  coefficitr* 

the  yaw-axial  force  coefficient;  the  slope  of  Cx  versus  67 
±  |ro//  damping  moment \  /[(\l2)pAdVi(pdj(2V))\ 

±  | roll  moment  due  to  canted  fins\ /[(l/2)pAdV7Sf] 

±  | Magnus  moment\  /[(l/2)pAdV7(pd/(2V))6] 

±  \damping  moment  aum|  l\{\l2)pAdV7(qd/2V))) 

±  |a/afic  moment\  f[(\l2)pAdV76 ] 

±| Magnus  force\/[(\l2)pAV7(pdl2V))fi} 

±  | normal  /orce|  /[{\ /2)pAV78\ 

center  of  pressure  of  the  normal  force  (calibers  from  the  nose) 
reference  length:  the  representative  missile  diameter 
gun-bore  diameter 
gravity  acceleration 

the  missile’s  axial  and  transverse  moments  of  inertia 
Jlt/md1,  the  axial  radius  of  gyration 

^Z/y/md2,  the  transverse  radius  of  gyration 
lengths  of  the  yaw  fast  and  slow  arms 
the  yaw  of  repose 
missile  mass 
Mach  number 
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S, 

t 

u,v,w 

V 

X,Y,Z 

X 

Q 

O' 

0 

1 

<: 

P 

«/ 

A s 
P 

<f>F)<t>S 

<t>F,4>S 


components  of  the  missile’s  angular  velocity 

The  gyroscopic  stability  factor,  gyroscopic  instability 
occurring  when  0  <  Sg  <  1 

time 

missile  velocity  components 
missile  velocity 

range  coordinates,  a  right-handed  system  with  X  positive  down-range 
Y  positive  left  and  Z  positive  upward. 

JVdt,  arclength  along  the  trajectory 

the  total  angle  of  attack,  arccos(u/V) 

Missile  pitch  angle,  arctanu’/u 

Missile  yaw  angle,  arctanr/ti 

Trajectory  angle  to  earth 

sin  d 

mean-squared  yaw:  >  Kp  +  A'J 
fin  cant  angle 

damping  rates  of  the  yaw  fast  and  slow  arms 
air  density 
roll  angle 

polar  angles  of  the  yaw  Fast  and  Slow  arms 
turning  rates  of  the  yaw  Fast  and  Slow  arms 
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APPENDIX  A. 

A I  PP.ODAS  XM483  Sample  Output 
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Intentionally  left  blank. 
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Salact  which  projactilas  to  include  in  tha  computation  of  tha  probabla  arror. 
Includa  flag  is  at  tha  and  on  aach  antry 
1  for  Includa  flag  aaan  projactila  is  usad 
0  for  Includa  flag  aaan  projactila  is  not  usad 


Round 

Total 

Ogiva 

Boat 

CG 

Ogiva 

Maplat 

Boob 

Diaaatar 

Tail 

f  roa 

Dasignation 

Langth 

Langth 

Langth 

Rosa  : 

Radius 

Diaaatar 

Langth  (aa) 

1 

-  5/54 

5.26 

2.63 

0.52 

3.21 

13.0 

0.11 

0.00 

126.62  -  1 

2 

-  XM463 

6.05 

2.84 

0.51 

3.66 

15.3 

0.10 

0.00 

154.74  -  1 

6.05 

2.85 

0.51 

3.66 

15.3 

0.10 

0.00 

154.69 

3 

-  XM3S0E6 

5.56 

2.90 

0.59 

3.24 

18.6 

0.13 

0.00 

104.83  -  1 

4 

-  XM380E5 

5.56 

2.90 

0.59 

3.34 

18.6 

0.13 

0.00 

104.83  *  1 

5 

-  M549 

5.64 

3.01 

0.58 

3.53 

16.9 

0.10 

0.00 

154.74  -  1 
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XM483RHW  : XM483  1974  VERSION 


Mach  Number 


XM483RHW  : XM483  1974  VERSION 
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Filename:  XM463RHW  29-MAY-89  :XM403  1974  VERSION 

HCDRAG  Coaputed  Drag  Coefficients 


Projectile  Length 

<c«l) 

6.05 

Nose 

Length 

(cal)  : 

2.85 

Boat  Tail 

Length 

(cal) 

0.51 

Band 

Diaaeter 

(cal )  : 

1.02 

CG  fro*  Nose 

(cal) 

3.66 

Diaaeter 

<**): 

154.606 

Boat  Tail 

Diaaeter 

(cal) 

0.87 

Meplat  Diaaeter 

(cal) : 

0.099 

Tangent  / 

Ogive  Radius 

0.04 

Boundary  Layer 

Code  : 

T  /  T 

Mach 

CD0 

CX 

DELTA 

CDH 

CDSr 

CDBND 

CDBT 

CDB 

0.010 

0.144 

0.133 

0.010 

0.000 

0.058 

0.000 

0.000 

0.086 

0.600 

0.146 

0.133 

0.012 

0.000 

0.056 

0.000 

0.000 

0.090 

0.000 

0.152 

0.133 

0.018 

0.000 

0.053 

0.001 

0.000 

0.098 

0.900 

0.162 

0.160 

0.002 

0.000 

0.051 

0.006 

0.003 

0.102 

0.950 

0.203 

0.222 

-0.019 

0.025 

0.050 

0.011 

0.013 

0.104 

1.000 

0.316 

0.333 

-0.017 

0.049 

0.050 

0.010 

0.069 

0.138 

1.050 

0.380 

0.367 

0.012 

0.129 

0.049 

0.010 

0.055 

0.137 

1.100 

0.354 

0.367 

-0.014 

0.117 

0.049 

0.009 

0.043 

0.136 

1.200 

0.342 

0.361 

-0.019 

0.106 

0.047 

0.009 

0.045 

0.135 

1.350 

0.328 

0.351 

-0.023 

0.099 

0.046 

0.008 

0.044 

0.131 

1.500 

0.312 

0.331 

-0.019 

0.095 

0.044 

0.007 

0.039 

0.127 

1.750 

0.289 

0.306 

-0.018 

0.089 

0.041 

0.006 

0.032 

0.119 

2.000 

0.268 

0.281 

-0.013 

0.085 

0.039 

0.006 

0.028 

0.111 

2.500 

0.234 

0.247 

-0.013 

0.079 

0.035 

0.005 

0.022 

0.092 

3.000 

0.205 

0.207 

-0.002 

0.075 

0.032 

0.005 

0.017 

0.076 

4.000 

0.164 

0.169 

-0.005 

0.069 

0.027 

0.005 

0.012 

0.051 

5.000 

0.138 

0.147 

-0.010 

0.065 

0.023 

0.005 

0.009 

0.035 

***  CX  is  either  Spinner  or  nodified  drag  *** 

***  coefficient  as  presented  in  the  above  table  *** 
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Filanaaa:  XM483RHW  29-MAY-89  :XH483  1974  VERSION 

Stability  Paraaatars  (Paga  1) 


Mach 

GYRO 

SBAR 

RECZP 

SBAR-5 

RECIP-5 

Spin 

( rad/sac ] 

DELT 
)  (a«c) 

DZSP 

(■rad) 

0.01 

1.516 

0.082 

6.333 

2.147 

-3.162 

7. 

0.6879 

0.010 

0.60 

1.516 

0.082 

6.333 

2.147 

-3.162 

414. 

0.0115 

0.010 

0.80 

1.440 

-0.235 

-1.903 

2.465 

-0.873 

552. 

0.0088 

0.009 

0.90 

1.333 

0.331 

1.810 

2.765 

-0.473 

621. 

0.0081 

0.010 

0.95 

1.335 

1.301 

1.100 

2.593 

-0.650 

655. 

0.0076 

0.010 

1.00 

1.386 

0.993 

1.000 

1.457 

1.263 

690. 

0.0071 

0.010 

1.05 

1.430 

0.963 

1.001 

1.279 

1.085 

724. 

0.0067 

0.010 

1.10 

1.459 

0.946 

1.003 

1.130 

1.017 

759. 

0.0063 

0.010 

1.20 

1.489 

0.907 

1.009 

1.009 

1.000 

828. 

0.0058 

0.011 

1.35 

1.517 

0.917 

1.007 

0.985 

1.000 

931. 

0.0051 

0.012 

1.50 

1.527 

0.929 

1.005 

0.962 

1.001 

1034. 

0.0046 

0.013 

1.75 

1.536 

0.943 

1.003 

0.943 

1.003 

1207. 

0.0039 

0.014 

2.00 

1.553 

0.957 

1.002 

0.957 

1.002 

1379. 

0.0034 

0.015 

2.50 

1.569 

0.969 

1.001 

0.969 

1.001 

1724. 

0.0027 

0.016 

3.00 

1.797 

0.836 

1.028 

0.862 

1.019 

2069. 

0.0022 

0.019 

4.00 

1.824 

0.832 

1.029 

0.859 

1.020 

2758. 

0.0016 

0.018 

5.00 

1.854 

0.826 

1.031 

0.853 

1.022 

3448  . 

0.0013 

0.018 

6.00 

1.864 

0.823 

1.032 

0.851 

1.023 

4138. 

0.0011 

0.018 

8.00 

1.874 

0.821 

1.033 

0.849 

1.023 

5517. 

0.0008 

0.018 

10.00 

1.876 

0.820 

1.034 

0.847 

1.024 

6896. 

0.0006 

0.018 
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ril*na»a 


XM483RHW  2  9 -MAY- 8  9 


XM483  1974  VERSION 


Stability  Para»*t*r*  (Rag*  2) 


Mach 

Numbar 


0.01 

0.60 

0.80 

0.90 

0.95 

1.00 

1.05 

1.10 

1.20 

1.35 

1.50 
1.75 
2.00 

2.50 
3.00 
4.00 
5.00 
6.00 
8.00 

10.00 


Nutation  rr*q. 
W1 


(d*g/«) 

<  rad/a*c) 

7.683 

0. 

7.683 

27. 

7.535 

36. 

7.278 

39. 

7.282 

41. 

7.414 

44. 

7.513 

47. 

7.574 

49. 

7.633 

54. 

7.686 

62. 

7.702 

69. 

7.719 

80. 

7.747 

92. 

7.774 

115. 

8.084 

144. 

8.113 

193. 

8.146 

242  . 

8.156 

291. 

8.166 

388  . 

8.168 

485. 

D  a 

■  ping 

Ll-0 

Ll-2 

(1/N) 

a/m) 

-0.00152 

-0.00081 

-0.00152 

-0.00081 

-0.00191 

-0.00124 

-0.00197 

0.00024 

-0.00044 

0.00122 

-0.00111 

-0.00059 

-0.00125 

-0.00091 

-0.00137 

-0.00121 

-0.00157 

-0.00149 

-0.00156 

-0.00156 

-0.00155 

-0.00155 

-0.00154 

-0.00154 

-0.00153 

-0.00153 

-0.00152 

-0.00152 

-0.00209 

-0.00204 

-0.00209 

-0.00203 

-0.00208 

-0.00203 

-0.00208 

-0.00202 

-0.00208 

-0.00202 

-0.00208 

-0.00202 

at  angl* 

(d»gr««( ) 

Ll-5 

LI— 10 

(1/n) 

(l/«) 

0.00054 

0.00073 

0.00054 

0.00073 

0.00093 

0.00097 

0.00209 

0.00102 

0.00232 

0.00108 

-0.00015 

-0.00013 

-0.00057 

-0.00080 

-0.00096 

-0.00107 

-0.00133 

-0.00137 

-0.00140 

-0.00136 

-0.00147 

-0.00134 

-0.00154 

-0.00132 

-0.00153 

-0.00131 

-0.00152 

-0.00130 

-0.00203 

-0.00189 

-0.00202 

-0.00189 

-0.00201 

-0.00188 

-0.00201 

-0.00188 

-0.00201 

-0.00188 

-0.00201 

-0.00188 

Filename:  XM4S3RKW  29-MAV-S9  :ZN463  1974  VERSION 


Stability  Parameters  (Page  3) 


Mach 

Pracaasion 

Fraq . 

D  a 

■  ping 

at  angla 

(dagraas ) 

Humbar 

W2 

L2-0 

L2-2 

L2-5 

L2-10 

(dag/«) 

( rad/sac ) 

a/m) 

a/m) 

d/»; 

a/m) 

0.01 

2.022 

0. 

0.00030 

-0.00041 

-0.00176 

-0.00195 

0.60 

2.022 

7. 

0.00030 

-0.00041 

-0.00176 

-0.00195 

0.80 

2.170 

10. 

0.00068 

0.00001 

-0.00216 

-0.00219 

0.90 

2.427 

13. 

0.00024 

-0.00198 

-0.00382 

-0.00275 

0.95 

2.422 

14. 

-0.00178 

-0.00344 

-0.00455 

-0.00330 

1.00 

2.291 

14. 

-0.00119 

-0.00171 

-0.00215 

-0.00217 

1.05 

2.192 

14. 

-0.00121 

-0.00155 

-0.00168 

-0.00165 

1.10 

2.131 

14. 

-0.00125 

-0.00141 

-0.00166 

-0.00155 

1.20 

2.071 

15. 

-0.00124 

-0.00132 

-0.00148 

-0.00145 

1.35 

2.019 

16. 

-0.00128 

-0.00128 

-0.00144 

-0.00148 

1.50 

2.002 

18. 

-0.00131 

-0.00131 

-0.00139 

-0.00152 

1.75 

1.986 

21. 

-0.00136 

-0.00136 

-0.00136 

-0.00157 

2.00 

1.958 

23. 

-0.00140 

-0.00140 

-0.00140 

-0.00162 

2.50 

1.931 

29. 

-0.00143 

-0.00143 

-0.00143 

-0.00165 

3.00 

1.621 

29. 

-0.00131 

-0.00137 

-0.00138 

-0.00152 

4.00 

1.591 

38. 

-0.00129 

-0.00134 

-0.00135 

-0.00149 

5.00 

1.559 

46. 

-0.00126 

-0.00131 

-0.00133 

-0.00146 

6.00 

1.548 

55. 

-0.00124 

-0.00130 

-0.00131 

-0.00144 

o  o 

3 

1.539 

73. 

-0.00124 

-0.00129 

-0.00130 

-0.00143 

1.537 

91. 

-0.00123 

-0.00128 

-0.00129 

-0.00143 
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APPENDIX  B. 


AI-TRAJ  XM483  Sample  Output 


Intentionally  left  blank. 
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Dafina  tha  Binnua  and  aaxiaua  liaits  for  tba  gaoaatry 


Currant 

Min 

Max 

Min 

Mas 

(M) 

(cal) 

(■») 

<■■) 

(cal) 

(cal) 

936.3 

6.053 

1 

842.7 

11 : 

1029.9 

Proj.  Langth 

21: 

5.448 

31 

6.658 

440.2 

2.846 

2 

396.2 

12: 

484.3 

Rota  Langth 

22: 

2.561 

32 

3.131 

2367. 

15.3 

3 

2130. 

13: 

2603. 

Nosa  Radius 

23: 

13.8 

33 

16.8 

78.9 

0.510 

4 

0.0 

14  : 

86.8 

Boattail  Langth 

24: 

0.000 

34 

0.561 

0.0 

0.000 

5 

0.0 

15: 

77.3 

Booa  Langth 

25: 

0.000 

35 

0.500 

157.5 

1.018 

6 

157.5 

16: 

157.5 

Band  Diaaatar 

26: 

1.018 

36 

1.018 

566.2 

3.660 

7 

509.5 

17: 

622.8 

CG  froa  Rosa 

27: 

3.294 

37 

4.026 

18.6 

0.120 

8 

0.0 

18  : 

20.4 

Maplat  Diaaatar 

28: 

0.000 

38 

0.132 

3094. 

20.0 

9 

2784  . 

19: 

3403  . 

Tvist  (/rav) 

29: 

18.0 

39 

22.0 

Kay  in  itaa  nuabar  "f"  valua  to  aodify 
Kay  in  "DONE"  to  continua 
Kay  in  "LIST"  to  ralist 

Kay  in  "PRINT"  for  a  Lina  printar  output 
Kay  in  "ABORT"  to  raturn  to  tha  Main  Jtanu 


I 
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XM48  3 

:  rhw 

ID 

Gun 

Tviat 

Chaabar  Barral 

Fro  j . 

Tuba  Froj 

Prop 

Dia . 

Voluaa  Langth 

Wgt. 

ID  ID 

ID 

(■■) 

( cal/rav ) 

( ca**3 )  ( ca ) 

(kg) 

9 

155.0 

20.0 

19123.6  504.4 

43.1 

Ml  8  5  K483 

H4A2 

Son* 

Charga 

Velocity  Pranurt 

(kg) 

<■/*) 

(bar* ) 

3. 

1.76 

294.9 

427.49 

4  . 

2.32 

334.7 

537.81 

5. 

3.11 

385.9 

730.87 

6. 

4.38 

461.5 

1041.15 

7. 

5.96 

546.8 

1730.64 

8. 

9.23 

648.6 

2061.60 

A  total 

of  32 

Linaar  Thaory  2DOF  trajactoriaa  will 

now  ba  run 

Run 

Taap 

VZERO 

QE 

AZERO 

TOP 

tanga 

7-Pinal 

A-Piaal 

No  . 

(Dag 

C) (a/aac) 

( dag ) 

( dag ) 

(aac 

(■) 

< m/%mc) 

(dag) 

1 

15.0 

294.9 

15.0 

2.8 

15.2 

4025.5 

258.2 

1.8 

2 

15.0 

294.9 

15.0 

7.0 

15.1 

3992.6 

257.2 

1.6 

3 

15.0 

294.9 

15.0 

10.5 

15.1 

3705.1 

210.9 

16.7 

4 

15.0 

294.9 

15.0 

14.0 

14.7 

3432.6 

199.7 

17.1 

5 

15.0 

334  .7 

15.0 

2.8 

16.8 

4163.4 

277.1 

0.3 

6 

15.0 

334.7 

15.0 

7.0 

16.7 

4810.5 

275.2 

0.3 

7 

15.0 

334.7 

15.0 

10.5 

16.7 

4772.4 

274.2 

0.3 

8 

15.0 

334.7 

15.0 

14.0 

16.3 

4145.2 

209.5 

16.9 

9 

15.0 

294.9 

30.0 

2.8 

28.8 

6559.7 

245.4 

1.5 

10 

15.0 

294.9 

30.0 

7.0 

28.7 

6505.7 

244.5 

1.4 

11 

15.0 

294.9 

30.0 

10 . 5 

28.3 

5601.7 

188.4 

16.9 

12 

15.0 

294.9 

30.0 

14 .0 

27.0 

5063.8 

181.5 

16.8 

13 

15.0 

334.7 

30.0 

2.8 

31.8 

7895.3 

264.6 

0.8 

14 

15.0 

334.7 

30.0 

7.0 

31.6 

7800.1 

263.1 

0.7 

15 

15.0 

334.7 

30.0 

10.5 

31.5 

7724.0 

262.0 

1.0 

16 

15.0 

334.7 

30.0 

14.0 

29.8 

6011.6 

191.0 

16.7 

17 

-40.0 

294.9 

15.0 

6.4 

15.0 

3658.7 

203.8 

17.2 

18 

-40.0 

294.9 

15.0 

15.9 

13.9 

2992.6 

181.1 

17.2 

19 

-40.0 

294.9 

15.0 

17.0 

13.8 

2982.8 

181.0 

17.2 

20 

-40.0 

294.9 

15.0 

17.0 

13.8 

2982.8 

181.0 

17.2 

21 

-40.0 

334.7 

15.0 

4.0 

16.2 

4463.7 

259.3 

0.4 

22 

-40.0 

334.7 

15.0 

10.0 

16.1 

4388.1 

256.0 

0.4 

23 

-40.0 

334.7 

15.0 

15.0 

16.0 

4314.6 

254.5 

0.5 

24 

-40.0 

334.7 

15.0 

17.0 

15.9 

4275.2 

253.6 

0.5 

25 

-40.0 

294.9 

30.0 

6.4 

28.5 

5796.0 

188.3 

16.8 

26 

-40.0 

294.9 

30.0 

15.9 

25.3 

4418.5 

167.7 

16.8 

50 


XM483  :  rhw 


Run 

Taap 

VZERO 

QE 

AZtRO 

TOF 

Ranga 

V-Final 

A-Final 

No. 

(Dag 

C)  (•/*•€) 

(dag) 

(dag) 

(•ac) 

(a) 

(■/sac ) 

(dag) 

27 

-40.0 

294.9 

30.0 

17.0 

25.2 

4367.3 

166.1 

17.1 

28 

-40.0 

294.9 

30.0 

17.0 

25.2 

4367.3 

166.1 

17.1 

29 

-40.0 

334.7 

30.0 

4.0 

30.7 

7269.6 

251.2 

1.4 

30 

-40.0 

334.7 

30.0 

10.0 

30.4 

7141.0 

249.4 

0.7 

31 

-40.0 

334.7 

30.0 

15.0 

30.1 

7013.8 

247.5 

0.9 

32 

-40.0 

334.7 

30.0 

17.0 

29.9 

6900.4 

245.6 

0.4 
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XM48  3 


:  rhv 


Tha  first  bax  yaw  and  initial  yaw  ratas  wara  coaputad  using 
siaulatad  in  bora  anglas.  Tha  tabla  balow  shows  tha  in  bora  and 
rasultant  first  aaxiaua  yaw  for  Iona  1  at  aabiant  taaparatura. 

First  aax  yaw  for  Zona  1 

ftuzxla  Valocity  (a/sac):  294.9 
Taaparatura  (Dag  C):  15.0 


Zn  Bora  Taw 

First  Max  Yaw 

(ails) 

( dagraas ) 

1.00 

2.81 

2.50 

7.01 

3.75 

10.52 

5.00 

14.03 

Expactad  Parforaanca 

at  Taaparatura 

(Dag  C)  -  15 

Gun  Elavation  (dag) 

15.0 

30.0 

Valocity  SG(M)  ABAR 

Ranga  Status 

Ranga  Status 

(a/sac)  (dag) 

(a) 

(a) 

294  .9 

1.3  2.8 

4025  . 

0 

6560  . 

0 

7.0 

3993  . 

0 

6506. 

0 

10.5 

3705  . 

8 

5602. 

8 

14.0 

3433  . 

8 

5064. 

8 

334  .7 

1.3  2.8 

4863  . 

0 

7895. 

0 

7.0 

4810  . 

0 

7800. 

0 

10.5 

4772  . 

1 

7724. 

0 

14.0 

4145. 

8 

6012. 

8 

Analysis  of  trajactorias  at 

15.0  (Dag  C) 

Runs 

Short 

Gyro  Short 

Huabar  16 

6 

6 

Parcant  100.0  37.5  37.5 


Short  rounds  at  aussla  valocitias  batwaan  294.9  and  334.7  (a/sac) 
and  first  aax  yaws  abova  10.5  (dagraas) 

Diagnosis:  larga  positiva  aagnus  ;  problaa  ■  • 

with  low  aussla  gyro 
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Expactad  Parforaanca  at  Taaparatura  (Dag  C)  ■  -40.0 


Gun  Clavation 

(dag) 

15.0 

30.0 

Valocity  SG(M) 

ABAR 

Ranga  Status 

Ranga  Status 

(a/aac ) 

(dag) 

(a) 

(a) 

294.9 

1.0  6.4 

3659  . 

4 

5796. 

15.9 

2993  . 

8 

4418. 

17.0 

2983. 

8 

4367. 

17.0 

2983  . 

8 

4367. 

334.7 

l.i  4.0 

4464  . 

2 

7270. 

10.0 

4388  . 

2 

7141. 

15.0 

4315. 

0 

7014. 

17.0 

4275. 

0 

6900. 

nalysis 

of  trajactori 

as  at 

-40.0 

(Dag  C) 

Runs  Short  Gyro  Short 


Nuabar  16  7  7 

Parcant  100.0  43.8  43.8 


Short  rounds  at  auxxla  valocitias  batvaan  294.9  and  334.7  (a/sac) 
and  first  aax  yaws  abova  15.9  (dagraas) 

Diagnosis:  larga  positiva  aagnus  ;  problaa  »  8 

with  low  auxxla  gyro 
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The  initial  conditions  listed  below  can  bo  furtbor 
simulated  by  6Dor 
(problem  ar«ti  an  codod) 

Category  Probable  Caus# 

COOP  info  run  (no  probloa) 

Slow  ara  liait  cyclo  >6 
Slow  am  abort  round 

Low  ausxla  gyro  -  slow  ara  short  round 
Probloa  ???  short  round  ploaso  run  COOP 


0  No  probloa  1 

2  Low  torainal  gyro  3 

4  Past  ara  undaaping  5 

6  Past  ara  short  round  7 

•  Low  auzslo  gyro  -  fast  ara  short  round  9 

10  Gyro  unstablo  at  ausilo 


ID  9  Run  9 

Toap . 

Volocity 

QE 

ABAJt 

ALPDOT 

Probloa 

CDOP 

(Dog  C) 

( a/aoc ) 

(dog ) 

(dog  > 

( rad/soc ) 

ID 

Analysis 

1  3 

15.0 

294.9 

15.0 

10.5 

2.21 

1 

1 

Flight 

Tiao 

( seconds ) 

Att ributo 

0 

5 

15 

30 

50 

100 

Gyro  Unstablo 

0 

0 

0 

0 

0 

0 

Past  Daaping 

0 

0 

0 

0 

0 

0 

Past  Liait 

0 

0 

0 

0 

0 

0 

Past  Undaaping 

0 

0 

0 

1 

0 

0 

Slow  Daaping 

0 

0 

0 

1 

0 

0 

Slow  Liait 

0 

0 

0 

0 

0 

0 

Slow  Undaaping 

0 

0 

0 

0 

0 

0 

Short  Past 

0 

0 

0 

0 

0 

0 

Short  Slow 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Short  ???? 

0 

0 

0 

0 

0 

0 

ID  I 

Run  1 

Toap . 
(Dog  C) 

Volocity 

(a/soc) 

QE 

( dog ) 

A  BAR 

<  dog ) 

ALPDOT 
( rad/soc ) 

Probloa  4  OOP 

ID  Analysis 

2 

11 

15.0 

294.9 

30.0 

10.5 

2.21 

•  1 

Plight 

Tiao 

( seconds ) 

Attribute 

0 

5 

15 

30 

50 

100 

Gyro  Unstablo 

0 

0 

0 

0 

0 

Past  Daaping 

0 

0 

0 

0 

0 

Fast  Liait 

0 

0 

0 

0 

0 

Past  Undaaping 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

Slow  Liait 

0 

0 

0 

0 

0 

Slow  Undaaping 

0 

0 

0 

0 

0 

Short  Past 

0 

0 

0 

0 

0 

Short  Slow 

0 

0 

0 

0 

0 

Increase  Gyro 

0 

0 

0 

0 

0 

Short  ???? 

0 

0 

0 

0 

0 
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ID  1  Run  « 

Taap . 

Velocity 

QZ 

A  BAR 

ALPDOT 

Problaa 

6DOP 

(Dag  C) 

(■/••c) 

(dag) 

(dag) 

( rad/sac ) 

ZD 

Analysis 

3  4 

15.0 

294.9 

15.0 

14.0 

2.94 

t 

1 

Flight 

Tiaa 

( saconds ) 

Attribute 

0 

5 

15 

30 

50 

100 

Gyro  Unstable 

0 

0 

0 

0 

0 

0 

Past  Daaping 

0 

0 

0 

0 

0 

0 

Fast  Liait 

0 

0 

0 

0 

0 

0 

Past  Undaaping 

0 

0 

1 

0 

0 

0 

Slow  Daaping 

0 

0 

1 

0 

0 

0 

Slow  Liait 

0 

0 

0 

0 

0 

0 

Slow  Undaaping 

0 

0 

0 

0 

0 

0 

Short  Past 

0 

0 

0 

0 

0 

0 

Short  Slow 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Short  ???? 

0 

0 

0 

0 

0 

0 

ID 

Run 

Temp 

V-ZERO 

QE 

A-XERO 

TOF 

Range 

▼-Final 

A-Final 

t 

« 

(Deg  C) 

(m/sec ) 

(deg) 

(deg) 

(tec) 

<m) 

(m/sec) 

(deg) 

1 

3 

15.0 

294.9 

15.0 

10.5 

15.2 

3780.5 

216.2 

17.7 

2 

11 

15.0 

294.9 

30.0 

10.5 

28.7 

5924.8 

196.3 

18.5 

3 

4 

15.0 

294.9 

15.0 

14.0 

15.0 

3569.8 

203.6 

17.6 

The  conditions  listed  below  have  been  further  investigated 
by  6 DOT  simulations  and  the  results  are  tabulated  below 


Run 

Temp . 

MV 

QE 

ABAR 

ALFDOT  Problem  Range  2D 

Range  6D 

Range  Ref 

# 

( Deg-C ) ( m/sec ) 

(deg) 

( dtg ) ( rad/sec) 

ID  (m) 

(a) 

(m) 

1 

3 

15.0 

294.9 

15.0 

10.5 

2.2 

8  3705.1 

3780.5 

4025.5 

2 

11 

15.0 

294.9 

30.0 

10.5 

2.2 

8  5601.7 

5924.8 

6559.7 

3 

4 

15.0 

294.9 

15.0 

14.0 

2.9 

8  3432.6 

3569.6 

4025.5 
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Casa  No. 

T**p 

V*1 

QE 

ABAR  ADOT 

(Dag  C) 

( ■/■•<:) 

(dog) 

(dig)( rad/aac) 

3 

15.0 

294.9 

15.0 

10.52  2.21 

Rang* 

Rang* 

Rang* 

%  of 

(2DOF  ) 

(6DOF) 

(no  yaw) 

axpactad 

(ft) 

(ft) 

(ft) 

rang# 

3705.1 

3780.5 

4025.5 

93.91 

Tina 

V*1 

Kr 

KS 

LF 

L  S 

wr 

ITS 

Rapoaa 

S IGFIT 

•  #c ) 

( a/sac ) (dag) (dag) 

<l/») 

(1/m) 

( dag/a ) (dag/*) 

(dag) 

(dag) 

0.0 

294.8 

5.3 

5.2 

0.00035 

-0.00220 

7.19 

2.40 

-0.20 

0.11 

0.5 

291.1 

5.7 

3.7 

0.00025 

-0.00212 

7.35 

2.32 

-0.22 

0.09 

1.0 

287.6 

5.9 

2.7 

0.00024 

-0.00210 

7.50 

2.26 

-0.23 

0.08 

1.5 

284.4 

6.1 

2.0 

0.00027 

-0.00214 

7.63 

2.20 

-0.24 

0.07 

2.0 

281.3 

6.3 

1.5 

0.00030 

-0.00210 

7.76 

2.16 

-0.25 

0.06 

2.5 

278.5 

6.6 

1  .  1 

0.00034 

-0.00202 

7.67 

2.08 

-0.26 

0.06 

3.0 

275.7 

6.9 

0.8 

0.00036 

-0.00191 

7.96 

1.96 

-0.27 

0.06 

3.5 

273.1 

7.2 

0.6 

0.00042 

-0.00195 

6.10 

2.00 

-0.28 

0.06 

4.0 

270.5 

7.6 

0.5 

0.00046 

-0.00216 

6.20 

2.09 

-0.26 

0.05 

4.5 

268.0 

8 . 1 

0.3 

0.00050 

0.00000 

6.29 

1.88 

-0.29 

0.06 

5.5 

263.0 

9.2 

0 . 2 

0.00060 

0.00000 

8.49 

1.62 

-0.31 

0.05 

6.5 

258 . 1 

10.8 

0.1 

0.00052 

0.00000 

8.72 

1.72 

-0.34 

0.04 

7.5 

252.9 

12.3 

0.1 

0.00043 

0.00000 

8.97 

1.62 

-0.36 

0.06 

6.4 

247.6 

13.6 

0.1 

0.00034 

0.00000 

9.23 

1.52 

-0.39 

0.13 

9.4 

242.4 

14.8 

0.1 

0.00026 

0.00000 

9.49 

1.40 

-0.41 

0.23 

10.4 

237.2 

15.7 

0.0 

0.00021 

0.00000 

9.76 

1.29 

-0.44 

0.25 

11.4 

232.2 

16.4 

0.0 

0.00015 

0.00000 

10.02 

1.22 

-0.48 

0.34 

12.4 

227.5 

17.1 

0.0 

0.00012 

0.00000 

10.25 

1.14 

-0.50 

0.44 

13.3 

223.2 

17.5 

0.0 

0.00009 

0.00000 

10.44 

1.05 

-0.51 

0.54 
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Attribute 


0 


Plight  Tima  (saconds) 

5  15  30  50  100 


Gyro  Unstable 
Past  Damping 
Past  Liait 
Past  Undaap 
Slow  Damping 
Slow  Limit 
Slow  Undaap 
Short  Past 
Short  Slow 
Zncraasa  Gyro 


0  0  0 

0  0  0 

0  1  1 

10  0 
1  1  1 

0  0  0 

0  0  0 

Oil 
0  0  0 

110 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


2 DOF  6 DOF 

Problaa  Coda  8  8 

Parcant  Short  92.04  93.91 
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Case  No.  Taap  Val  QE  ABAJt  A  DOT 

( Dag  C)  (n/aac)  (dag)  ( dag M rad/aac ) 


11 


15.0  294.9 


30.0  10.52 


2.21 


Ranga  Rang#  Ranga  %  of 

( 2 DOF )  ( 6 DOF  )  (no  yaw)  arpactad 

(ft)  (ft)  (ft)  ranga 


5601.7  5924. S  6559.7  90.32 


Tina 

Val 

KF 

KS 

LF 

LS 

WF 

WS 

Rapoaa 

SZOFIT 

(*ac) 

(s/sac ) 

(dag) (dag) 

(1/n) 

(!/■) 

(dag/a) (dag/n) 

(dag) 

(dag) 

0.0 

294.8 

5.4 

5.1 

0.00021  -0 .00210 

7.19 

2.39 

-0.19 

0.24 

0.5 

269.8 

5.6 

3.6 

0.00014  -0 . 00202 

7.43 

2.29 

-0.20 

0.21 

1.0 

285.3 

5.7 

2.7 

0.00016  -0.00216 

7.65 

2.22 

-0.22 

0.19 

1.5 

281.0 

5.8 

2.0 

0.00018  -0.00211 

7.86 

2.17 

-0.22 

0.16 

2.0 

277.0 

5.9 

1.5 

0.00022  -0.00182 

8.03 

1.98 

-0.25 

0.15 

2.5 

273.2 

6.1 

1.2 

0.00023  -0.00181 

8.19 

1.71 

-0.25 

0.15 

3.0 

269.5 

6.3 

0.9 

0.00025  -0.00143 

8.38 

2.20 

-0.30 

0.15 

3.5 

265.9 

6.5 

0.8 

0.00024  -0.00205 

8.53 

1.77 

-0.31 

0.15 

4.0 

262.5 

6.8 

0.6 

0.00019  -0.00267 

8.67 

1.17 

-0.26 

0.15 

4.4 

259.1 

7.0 

0.4 

0.00018 

0.00018 

8.83 

2.57 

-0.28 

0.14 
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Flight  Tia*  (seconds) 


Attribute 

0 

5 

15 

30 

50 

100 

Gyro  Unstabla 

0 

0 

0 

0 

0 

0 

Past  Daaping 

0 

0 

0 

0 

0 

0 

Past  Liait 

0 

1 

0 

0 

0 

0 

Past  Undaap 

1 

0 

0 

0 

0 

0 

Slow  Damping 

1 

1 

0 

0 

0 

0 

Slow  Liait 

0 

0 

0 

0 

0 

0 

Slow  Undaap 

0 

0 

0 

0 

0 

0 

Short  Past 

0 

1 

0 

0 

0 

0 

Short  Slow 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

2DOP 

6  DOF 

Problaa 

Coda 

8 

8 

Parcant 

Short 

8  5.40 

90.32 

60 


1 


XM4  6  . 


No. 

Taap 

Val 

QE 

ABAft 

ADOT 

(Deg  C) 

(■/sac  ) 

(dag) 

(dag)  (rad/sac) 

15.0 

294.9 

15.0 

14.03 

2.94 

Ranga 

Ranga 

Ranga 

% 

of 

(2D0r)  ( 6 DOF )  {no  y iv)  axpactad 

(ft)  (ft)  (ft)  rang* 

3432.6  3569.6  4025.5  88.66 


Tim a  Val  KF  KS 
(sac)  (a/sac) (dag) (dag) 


hr  ls  wf  w  s  Repost  sxoriT 

(1/a)  (1/a)  ( dag/a ) ( dag/* )  (dag)  (dag) 


0.0 

294.6 

7.0 

6.6 

0.00049  -0.00228 

7.25 

2.38 

-0.21 

0.20 

0.5 

290.5 

7.5 

4.6 

0.00051  -0.00232 

7.44 

2.29 

-0.23 

0.16 

1.0 

266.5 

8 . 1 

3.4 

0.00054  -0.00245 

7.62 

2.22 

-0.24 

0.17 

1.5 

262.7 

8.7 

2.4 

0.00056  -0.00247 

7.80 

2.18 

-0.25 

0.15 

2.0 

279.1 

9.5 

1.6 

0.00060  -0.00208 

7.97 

2.11 

-0.24 

0.16 

2.5 

275.5 

10 . 3 

1.3 

0.00056  -0.00156 

6.14 

1.77 

-0.29 

0.17 

3.0 

272.0 

11 . 2 

1.0 

0.00053  -0.00145 

6.33 

2.09 

-0.32 

0.16 

3.5 

266.4 

12.1 

0.6 

0.00047  -0.00067 

6.51 

2.16 

-0.27 

0.17 

4.0 

264.7 

12.9 

0.6 

0.00040  -0.00187 

8.68 

1.31 

-0.33 

0.16 

4.5 

261.1 

13.6 

0.5 

0.00036  -0.00015 

8.67 

2.24 

-0.37 

0.15 
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Projactila  Analysis  history 


Analysis  numbar  1 

Pailura  coda  8 

Parcant  short  trajactorias  :  43.8 

CG  f r on  nosa  (calibars):  3.660 

Twist  (cal/rav):  20.0 

Boat  tail  langth  (calibars):  0.510 

Axial  inartia  (lba-in**2):  0.510E+03 

Trans,  inartia  (lba-in*#2):  0.610E+04 


Low  aunla  gyroscopic  stability  (fast  sra) 


Racoaaandad  projactila  aodif icat ions 
Modifications  ara  listad  in  ordar  of  prafaranca 


Zncraasa  rifling  twist: 

Currant  twist  is  20.00  ( calibars/rav ) 
Maxiaua  twist  is  22.00  (calibars/rav ) 


Modify  projactila  aass  propartias 

Mova  cantar  of  gravity  forward 
Zncraasa  axial  inartia 
Dacraasa  transvarsa  inartia 
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APPENDIX  C. 

AERO-AI  Rule  Additions 
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Intentionally  left  blank. 
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Extending  AERO-AI  -  Rule  Additions 


This  Appendix  describes  the  process  to  extend  AERO-AI  by  changing  or  adding  rules  to 
correct /enhance  system  performance.  First  and  foremost,  it  is  strongly  recommended  that 
initially  no  changes  be  made  directly  to  the  facts  and  rules  files  developed  by  GE-ATL.  It’s 
better  to  create  two  new  files  (perhaps  “custom-facts. art”  and  “custom- rules. art”)  which 
can  be  loaded  into  ART  along  with  the  basic  AERO-AI  package. 

You  will  need  to  learn  ART  to  some  extent  before  making  any  changes.  As  mentioned 
above,  the  “ART  Programming  Tutorial”  series  is  excellent  for  novice  users.  Inference 
also  offers  a  number  of  one-week  training  courses  for  new  users.  It’s  also  useful  to  become 
familiar  with  Common  LISP  and  programming  in  symbolic  languages. 

The  basic  procedure  for  extending  AERO-AI  is  as  follows: 

1.  Write  the  new  rules. 

It  is  very  important  that  new  rules  be  placed  into  their  proper  partition  in  the  Domain 

Subsection.  The  following  guidelines  should  be  used. 

•  GENERATE  -  Creates  class  I  recommendations  and  info-messages.  These  rules 
should  be  rather  simple  in  nature,  and  should  NOT  look  at  the  projectile’s  design 
history  or  its  geometry  restrictions.  They  should  consider  only  the  geometry 
metrics  and  AITRAJ  analysis. 

•  REFINE  -  The  projectile’s  design  history  should  be  considered  in  this  parti¬ 
tion,  as  well  as  any  other  data  OTHER  THAN  GEOMETRY  RESTRICTIONS 
which  might  cause  a  recommendation  to  change.  Class  I  recommendations  may 
be  deleted,  altered,  or  translated  verbatim  into  Class  II  recommendations.  In 
addition,  new  Class  II  recommendations  may  be  created  from  scratch. 

•  REVIEW  -  Class  II  recommendations  are  compared  against  the  geometry  restric¬ 
tions  specified  by  the  user.  If  a  recommendation  violates  any  restriction,  it  should 
be  designated  Class  R.  (Specify  the  class  as  “(R  (GEO  (metric)))”,  where  (met¬ 
ric)  is  the  geometry  value  that  prevents  the  recommendation  from  being  made.) 
Otherwise,  designate  it  Class  F.  Review  is  very  much  a  closed  partition.  The 
rules  which  check  for  geometry  restrictions  have  been  written  and  tested  for  rec¬ 
ommendations  of  up  to  arity  2.  These  rules  use  the  GEOMETRY-METRIC  facts 
in  the  Initial  Factbase,  so  this  is  where  virtually  all  alterations  should  be  made. 
It  is  strongly  advised  that  you  adhere  to  this  functional  division  of  the  rulebase. 
Yes,  it  is  often  possible  to  combine  rules  from  different  partitions  into  one  efficient 
but  complex  rule.  However,  the  small  amount  of  execution  time  this  saves  is  not 
nearly  worth  the  increased  complexity  of  the  rulebase  and  the  associated  difficulty 
in  maintaining  the  code. 

You  should  use  a  rule-naming  scheme  similar  to  the  one  used  in  the  GE  rule- 
base  file.  Saliences  should  be  specified  using  the  10  global  variables  (“?*IO*”, 
<i?*PT3*”,  etc.)  defined  in  the  facts  file. 

2.  Develop  new  auxiliary  code  (usually  in  parallel  with  step  1). 
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As  stated  earlier,  it  is  a  good  idea  to  do  as  much  algorithmic  work  as  possible  using 
the  Callout  facility.  Write  your  LISP  (or  C)  code  in  parallel  with  your  new  rules. 
Volumes  1  and  3  of  the  ART  Programming  Tutorial  series  have  sections  on  proper 
use  of  the  Callout  facility. 

In  the  Vax/C  version  of  AERO-AI,  auxiliary  functions  must  be  linked  to  the  basic 
ART  kernel  to  create  a  new  executable  file.  Complete  instructions  can  be  found  in 
the  Appendices  of  the  ART  Reference  Manual. 

3.  Update  the  facts  file 

First,  define  any  new  relation  names  which  you  used  in  your  custom  rules.  ART’s 
DEFRELATION  statement  is  the  relevant  construct.  It’s  useful  to  include  the  “SYN¬ 
TAX”  argument  to  document  your  new  relation. 

You  should  virtually  NEVER  make  any  changes  to  the  global  variables  section  unless 
you  are  very  sure  what  you’re  doing.  They  control  the  flow  of  execution  among 
partitions. 

If  you  created  a  new  RecCode,  you  may  need  to  make  some  modifications  to  the  Initial 
Factbase.  The  most  important  one  will  be  to  add  new  GEOMETRY-METRIC  facts 
if  your  new  recommendation  will  cause  a  change  in  the  projectile’s  geometry.  Note 
that  some  recommendations  affect  more  than  one  metric.  For  example,  decreasing 
the  boattail  length  (VB)  will  also  decrease  the  total  length  of  the  projectile  (VL), 
therefore  two  GEOMETRY-METRIC  facts  are  needed. 

The  other  three  types  of  facts  will  rarely  require  updating.  ASP-ZONING  should 
remain  unaltered  unless  the  programmer  specifically  wants  to  change  how  AERO- 
AI  handles  Zoning  problems.  THRESHOLD  will  only  change  if  a  new  geometry 
metric  is  added  to  PRODAS,  something  that  will  be  exceedingly  rare.  Finally,  new 
VB-OSCILLATION  facts  may  be  necessary  only  if  your  new  recommendation  might 
become  part  of  a  boattail  oscillation  (i.e.,  it  specifically  recommends  that  the  user 
change  the  projectile’s  boattail  length.)  See  section  2.3  for  the  interpretation  of  the 
VB-OSCILLATION  relation. 

4.  Update  the  RecCodes  file. 

If  you  defined  a  new  RecCode  or  InfoCode,  you  will  have  to  declare  it  in  the  RecCode 
Definition  file.  See  section  2.2  for  the  syntax  of  the  declarations.  Remember  to  write 
messages  of  arity  1  or  higher  as  Common  LISP  FORMAT  templates.  The  order  of 
the  declarations  is  not  important. 

5.  Update  the  AERO-AI  initialization  file 

Finally,  you  must  ensure  that  your  new  facts  and  rules  will  be  loaded  into  ART  when 
a  user  invokes  AERO-AI.  There  are  a  number  of  ways  to  accomplish  this,  so  the  actual 
method  used  will  be  left  to  the  system  manager.  One  feasible  approach  is  outlined 
below. 

You  may  elect  to  completely  recompile  the  AERO-AI  rule  base  so  that  the  save  file 
(“aeroai-rules.lbin”  contains  both  GE’s  initial  rulebase  and  your  custom  rules.  This 
is  done  by  entering  ART  and  loading  all  necessary  files  (both  GE’s  and  yours).  You 
should  load  auxiliary  code  files  first,  facts  files  second,  and  rules  files  last.  Obviously,  if 
ART  notifies  you  of  any  syntax  errors  you  will  have  to  make  the  necessary  corrections 
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and  start  over.  After  everything  is  loaded,  reset  the  expert  system  and  run  the  SAVE 
utility  to  create  a  new  “aeroai-rules.lbin”  file.  This  will  automatically  be  restored 
when  AERO-AI  is  invoked. 

An  alternate  approach  for  updating  the  AERO-AI  initialization  file  file, 

( aeroai  $home :  aeroai ) 

so  that  your  custom  rules  and  facts  are  loaded  after  the  compiled  rulebase  is  restored, 
entails  putting  a  few  “ART-LOAD”  statements  between  the  “RESTORE”  and  the 
“RESET”  commands. 
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Intentionally  left  blank. 
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No  of  No  of 

Copies  Organization  Copies  Organization 


(Unciait,  uniimittd)12  Administrator 

(Undui.,  limited)  2  Defense  Technical  Info  Center 

(Churned)  2  ATTN:  DTIC-DDA 

Cameron  Station 
Alexandria,  VA  22304-6145 


1  HQDA  (SARD-TR) 

WASH  DC  20310-0001 

1  Commander 

US  Army  Materiel  Command 
ATTN:  AMCDRA-ST 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333-0001 


1  Commander 

US  Army  Missile  Command 
ATTN:  AMSMI-RD-CS-R  (DOC) 

Redstone  Arsenal,  AL  35898-5010 

1  Commander 

US  Army  Tank  Automotive  Command 
ATTN:  AMSTA-TSL  (Technical  Library) 
Warren,  MI  48397-5000 

1  Director 

US  Army  TRADOC  Analysis  Command 
ATTN:  ATAA-SL 

While  Sands  Missile  Range,  NM  88002-5502 


1 

Commander 

(Class.  only)  1 

Commandant 

US  Army  Laboratory  Command 

US  Army  Infantry  School 

ATTN:  AMSLC-DL 

ATIN:  ATSH-CD  (Security  Mgr.) 

Adelphi,  MD  20783-1145 

Fort  Benning,  GA  31905-5660 

2 

Commander 

(Undass.  only)  ] 

Commandant 

Armament  RD&E  Center 

US  Army  Infantry  School 

US  Army  AMCCOM 

ATTN:  ATSH-CD-CSO-OR 

ATTN:  SMCAR-MSI 

Fort  Benning,  GA  31905-5660 

Picatinny  Arsenal,  NJ  07806-5000 

(Class,  only)  ] 

The  Rand  Corporation 

2 

Commander 

P.O.  Box  2138 

Armament  RD&E  Center 

Santa  Monica,  CA  90401-2138 

US  Army  AMCCOM 

ATTN:  SMCAR-TDC 

1 

Air  Force  Armament  Laboratory 

Picatinny  Arsenal,  NJ  07806-5000 

ATTN:  AFATL/DLODL 

Eglin  AFB,  FL  32542-5030 

1 

Director 

Benet  Weapons  Laboratory 

Aberdeen  Proving  Ground 

Armament  RD&E  Center 

Dir,  USAMSAA 

US  Army  AMCCOM 

ATTN:  AMXSY-D 

ATTN:  SMCAR-LCB-TL 

AMXSY-MP,  H.  Cohen 

Watervliet,  NY  12189-4050 

Cdr,  USATECOM 

ATTN:  AMSTE-TO-F 

1 

Commander 

Cdr,  CRDEC,  AMCCOM 

US  Army  Armament,  Munitions 

ATIN:  SMCCR-RSP-A 

and  Chemical  Command 

SMCCR-MU 

ATTN:  SMCAR-ESP-L 

SMCCR-MSI 

Rock  Island,  IL  61299-5000 

Dir,  VLAMO 

ATIN:  AMSLC-VL-D 

1 

Commander 

US  Army  Aviation  Systems  Command 
ATTN:  AMSAV-DACL 
4300  Goodfellow  Blvd. 

St.  Louis.  MO  63120-1798 

1  Director 

US  Army  Aviation  Research 
and  Technology  Activity 
Ames  Research  Center 
Moffett  Field,  CA  94035-1099 
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DISTRIBUTION 


No.  of 

Copies  Organization 

1  Commander 

Armament  RD&E  Center 

US  Army  AMCCOM 

ATTN:  SMCAft-AET-A  (R.  Kline) 

Bldg.  3342 

Picatlnny  Arsenal,  NJ  07806-5000 

1  AFATL/FXA 

ATTN:  G.L.  Winchenbach 
Eglin  Air  Force  Base 
FL  32542 

1  Arrow  Tech  Associates,  Inc. 

ATTN:  Bob  Whyte 
P.0.  Box  4218 

So.  Burlington,  VT  05401-0042 

1  General  Electric  Company 

Defense  Systems  Division 
Armament  and  Electrical  Systems 
Department 

ATTN:  Mark  A.  Fischer  (Room  1305) 
Lakeside  Avenue 
Burlington,  VT  05402 

1  General  Electric  Company 

Advanced  Technology  Laboratories 
Artificial  Intelligence  Laboratory 
ATTN:  Dr.  Robert  G.  Hackenberg 
Moorestown  Corporate  Center 
Moorestown,  NJ  08057 

1  RCA 

Advanced  Technology  Laboratories 
ATTN:  Nicholas  Straguzzi 
Moorestown  Corporate  Center 
Moorestown,  NJ  08057 


Aberdeen  Proving  Ground 

Commander,  CRDEC,  AMCCOM 
ATTN:  SMCCR-RSP-A 

Miles  C.  Miller 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  laboratory  undartskas  a  continuing  affort  to  improva  the  quality  of  tha  raporta  it  publiahaa.  Your 
commants/answars  balow  will  aid  us  in  our  afforts. 

1.  Does  thi*  raport  aatisfy  a  naad?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which 
the  report  will  be  used.)  _ _ 


2.  How,  specifically,  is  tha  raport  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas, 
etc.)  _ _ 


3.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate.  _ 


4.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.)  _ 


BRL  Report 
Check  here 
Check  here 
Current 


Number  _  Division  Symbol  _ 

if  desire  to  be  removed  from  distribution  list, 
for  address  change.  _ 

address :  Organization  _ 

Address 
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Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 
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